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ABSTRACT 
The lowermost, discontinuous units of the impact-generated Sudbury Igneous Complex (SIC), 
Sublayer, Footwall Breccia (FWBX), and Inclusion Quartz Diorite (IQD), are distinguished from 
overlying Main Mass norite rocks by the presence of abundant inclusions and Ni-Cu-PGE (PGE 
– platinum group element) mineralization. The majority of the felsic-mafic inclusions appear to 
be derived from exposed country rocks, but volumetrically important mafic-ultramafic inclusions 
have only rare equivalents in the surrounding country rocks and appear to be preferentially 
associated with sulfide mineralization. Establishing the petrogenesis of the mafic-ultramafic 
inclusions and the nature of their association with the Ni-Cu-PGE mineralization are therefore 
critical to understand the evolution of the impact melt, genesis of Sublayer, FWBX, and IQD, and 
the formation of one of the world’s largest accumulations of Ni-Cu-PGE mineralization.  
Petrographic, mineralogical, geochemical, and Sm-Nd and Re-Os isotopic data indicate three 
origins for the olivine-bearing mafic-ultramafic inclusions:  
(1) Anteliths, comprising olivine melanorites and olivine melagabbronorites in the Whistle and 
Levack embayments on the North Range, which are characterized by igneous textures, Zr/Y, 
Zr/Nb, Nb/U, and Zr/Hf ratios similar to igneous-textured Sublayer matrix (ITSM), unradiogenic 
εNd1850 Ma values (-8 to -5), and slightly unradiogenic to radiogenic γOs1850 Ma values (-8 to +94). 
They likely crystallized from a local mixture of SIC impact melt and a more mafic melt derived 
by melting of the widespread Huronian volcanic and subvolcanic units in the region.  
(2) Local xenoliths, comprising wehrlites and olivine clinopyroxenites in the Levack embayment 
and olivine melanorites in the Foy Offset on the North Range, which are characterized by shock 
mosaic and recrystallized textures, and trace element patterns (e.g., negative Th-U, Nb-Ta-(Ti), 
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Sr, and Zr-Hf anomalies) similar to and Nb/U ratios overlapping with a layered mafic-ultramafic 
intrusion in the footwall of the Levack and Fraser deposits. They were likely derived from local 
mafic-ultramafic protoliths that were petrogenetically-related to the layered mafic-ultramafic 
intrusion in the footwall of the Levack and Fraser deposits.  
(3) Exotic xenoliths, comprising phlogopite/feldspar lherzolites in the Trill, Levack, and Bowell 
embayments and the Foy Offset dike on the North Range, which are characterized by variably 
igneous, tectonic-metamorphic, and shock-metamorphic textures, and orthopyroxene reaction 
rims against igneous-textured Sublayer matrix (ITSM), indicating disequilibrium with the impact 
melt. One composite inclusion exhibits igneous layering of feldspar lherzolite and olivine gabbro, 
suggesting derivation from an unexposed older layered mafic-ultramafic intrusion. The calculated 
parental magma for one particularly well-preserved feldspar lherzolite inclusion is similar to 
continental arc basalt formed by up to 5% partial melting of garnet peridotite. Ol-Cpx-Pl 
thermobarometry of several exotic inclusions indicate equilibration at 900oC – 1120oC and 210 – 
300 MPa, suggesting emplacement into upper-middle crust (7.7 – 10.9 km), prior to being 
incorporated into the lower parts of the proto-SIC during impact excavation and/or 
thermomechanical erosion of target rocks. 
Most analyzed inclusions, ITSM, and Main Mass lithologies are enriched in highly incompatible 
elements with negative Nb-Ta-Ti anomalies, unradiogenic Nd, and radiogenic Os isotopic 
signatures. These features suggest that the impact sampled rocks that were derived from 
subduction-metasomatized mantle, including the widespread Huronian volcanic and intrusive 
rocks adjacent to the SIC. Melting of these volcanic and intrusive rocks and the underlying 
Neoarchean Superior Province upper-middle crustal rocks would produce the observed 
geochemical characteristics of the SIC lithologies and inclusions. 
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The Main Mass has a very homogeneous Hf isotopic composition, indicating that the impact melt 
sheet was well mixed. However, Sublayer, IQD, and overlying basal Main Mass norites vary 
widely in terms of Pb-S-(Os) isotopic compositions. Most mafic-ultramafic inclusions, except for 
anteliths, contain no sulfides and exhibit no signatures of Ni-Cu-PGE depletion caused by prior 
sulfide saturation, which suggest that the association between mafic-ultramafic inclusions and Ni-
Cu-PGE sulfide mineralization is attributable to the hydrodynamic equivalence of less dense but 
larger silicate inclusions and denser but smaller sulfide melt droplets during transport and/or 
settling. Anteliths, locally-derived inclusions, and local variations in Pb-S-(Os) isotopes must 
have been generated in situ, requiring significant degrees of assimilation of footwall rocks via 
thermomechanical erosion, whereas most exotic inclusions other than shocked feldspar lherzolite 
were derived from deeper mafic-ultramafic protoliths, generated during impact excavation and/or 
thermomechanical erosion, and physically transported into their current locations. Thus, 
thermomechanical erosion played an important role in the generation of embayments, 
incorporation of xenoliths and sulfide xenomelts from the mineralized country rocks (e.g., EBLI-
Nipissing-Huronian), and formation of isotopic heterogeneity in the basal parts of the SIC. 
Convective- and gravity-driven mass flow contributed to the horizontal transportation of 
inclusions and sulfide xenomelts into the embayment when the impact melt contained <45% 
inclusions, but became less significant as proto-Sublayer incorporated more inclusions.  
Keywords: Sudbury Igneous Complex, Sublayer, offset dikes, mafic-ultramafic inclusions, 
anteliths, local xenoliths, exotic xenoliths, thermomechanical erosion 
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CHAPTER 1  
INTRODUCTION TO THE THESIS 
1.1 Introduction 
The Sudbury Structure (ca. 1.85 Ga) is one of the oldest, largest, and best-preserved terrestrial 
impact structures (Dietz, 1964; Grieve and Therriault, 2000), and contains one of the world’s 
largest accumulations of magmatic Ni-Cu-PGE sulfide mineralization (Naldrett, 2004; Lightfoot, 
2016). It is the erosional relic of an elliptically deformed multi-ring impact basin with an 
apparent crater diameter of approximately 260 km (Spray et al., 2004). The crater straddles the 
unconformable contact between felsic-mafic gneisses, granitoids, and greenstones of the Neo-
Archean Superior Province along the western, northern, and eastern margins, and metabasalts, 
metasediments, and granites of the Paleoproterozoic Huronian Supergroup (Long, 2004), 2.4 Ga 
East Bull Lake Suite mafic-ultramafic intrusive rocks (James et al., 2002), and 2.2 Ga Nipissing 
Suite mafic intrusive rocks (Corfu and Andrews, 1986; Lightfoot and Noble, 1992) along the 
southern margin (e.g., Dressler, 1984; Naldrett, 2004; Lightfoot, 2016).  
The Sudbury Structure comprises the Sudbury Igneous Complex (SIC), overlying fallback 
material and post-impact sediments of the Whitewater Group, and underlying brecciated, contact 
metamorphosed, and partially-melted breccias. The SIC includes a Main Mass, lower 
discontinuous inclusion- and sulfide-rich Sublayer and Footwall Breccia (FWBX) units, and 
associated concentric and radial Offset dikes. The Main Mass is presently exposed as a 60 km 
long × 27 km wide × 1.5 – 5.0 km thick differentiated body, comprising – from bottom-to-top – 
norite, quartz gabbro, and granophyre. Sublayer and FWBX occur in discontinuous trough-like 
depressions along the basal contact between Main Mass and underlying country rocks, and 
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contain abundant mafic-ultramafic and lesser felsic-intermediate inclusions and Fe-Ni-Cu-(PGE) 
sulfides in an igneous-textured dioritic-gabbroic-noritic (Sublayer) or felsic-intermediate-mafic 
(FWBX) matrix. The Offset dikes, extending up to 20 km from the periphery of the Main Mass, 
have aphanitic to fine-grained, inclusions-free, unmineralized quartz dioritic (QD) margins and 
locally-mineralized, inclusion-bearing quartz diorite (IQD) cores.  
The abundant inclusions in Sublayer, FWBX, and IQD range from a few millimetres to more 
than 100m (Hewins, 1971; Naldrett et al., 1972) in diameter, and comprise felsic to mafic 
gneisses, mafic metavolcanic rocks, metagabbros, and metasedimentary rocks, and mafic-
ultramafic lithologies (e.g., Naldrett et al., 1984). Although most of the inclusions appear to be 
derived from local country rocks, the mafic-ultramafic inclusions have only rare equivalents in 
the country rocks and have at least three origins:  
1) Cognate: Anteliths derived from remnants of unexposed parts of the SIC (Naldrett et al., 1984) 
or earlier Sublayer cumulates (Lightfoot et al., 1997a, b; Farrell, 1997). Crystallization of any 
known SIC magma would not produce comparable olivine-orthopyroxene assemblages (Prevec, 
2000), which has been interpreted to require contributions from i) mantle-derived magmas (e.g., 
Lightfoot et al., 1997a, b; Farrell, 1997), ii) unspecified more primitive magmas (Corfu and 
Lightfoot, 1996; Zhou et al., 1997), and/or iii) melted mafic country rocks (Prevec, 2000; Prevec 
et al., 2000).  
2) Local: Xenoliths derived from local country rocks, including Nipissing diabase intrusions 
(Card and Pattison, 1973), East Bull Lake suite intrusions (Pattison, 1979), and ultramafic bodies 
in the Levack Gneiss (Pattison 1979; Moore et al., 1993, 1994, 1995). However, no systematic 
comparison of petrography and geochemistry has been conducted of the inclusions and these 
target rocks.  
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3) Exotic: Xenoliths derived from unexposed mafic-ultramafic intrusions (e.g., Rae, 1975; Kuo 
and Crocket, 1979; Scribbins, 1978; Scribbins et al., 1984; Wang et al., 2018). Rae (1975) 
suggested that exotic inclusions in the Strathcona mine represented disrupted fragments of a 
layered intrusion similar to the Muskox or Skaergaard on the basis of petrographic observations 
(e.g., modal variations, cumulus and poikilitic textures, and layering features). Scribbins (1978) 
suggested that exotic inclusions in various South Range localities also represented fragments of a 
hidden layered intrusion on the basis of mineral chemistry. The significant lithological 
differences between North Range and South Range inclusions were attributed to sampling 
different parts of the hidden intrusion (Scribbins, 1978).  
Because Ni-Cu-PGE mineralization is so closely associated with Sublayer, FWBX, and IQD, in 
particular parts containing mafic-ultramafic inclusions (Naldrett and Kullerud, 1967; Pattison, 
1979; Naldrett et al., 1984; Lightfoot et al., 1997a, b), understanding the origin of the mafic-
ultramafic inclusions and the association between these inclusions and Ni-Cu-PGE mineralization 
are therefore critical to understanding the evolution of the impact melt, genesis of Sublayer, 
FWBX, and IQD, and the ore-formation process of the world’s largest accumulation of Ni-Cu- 
PGE mineralization.  
1.2 Research Problem and Objectives 
Although several studies have focused on the petrography, geochemistry, and origin of the mafic-
ultramafic inclusions in Sublayer and IQD (e.g., Souch et al., 1969; Rae, 1975; Kuo and Crocket, 
1979; Naldrett et al., 1984; Scribbins, 1984; Morrison et al., 1994; Cohen et al., 2000; Prevec, 
2000; Prevec et al., 2000), there is no consensus of their origin and mechanism of incorporation. 
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One reason is that their petrographic and geochemical characteristics vary from location to 
location, which makes it impossible to systematically investigate the whole inclusion population.   
Similarly, although mafic-ultramafic inclusions are closely associated with mineralized Sublayer 
and IQD, their genetic relationship to the Ni-Cu-PGE mineralization has been rarely addressed. 
Naldrett and Kullerud (1967) noted that heavily disseminated sulfides in Sublayer norite matrix 
preferentially encircled ultramafic inclusions, but rarely occured in appreciable amounts within 
the inclusions. Davis (1984) noted that the ultramafic inclusions (pyroxenite and peridotite) in the 
Little Stobie mine were barren, but that some gabbroic inclusions contained fine disseminated 
and fracture-filling sulfides. Melanorite and olivine melanorite inclusions in the Whistle 
embayment, however, contain up to 75% disseminated or net-textured sulfides (Lightfoot et al., 
1997a, b; Farrell, 1997), but no peridotite inclusions like those in other embayments have been 
reported in the Whistle embayment. The mineralization in many magmatic Ni-Cu-PGE deposits 
(e.g., Aguablanca: Tornos et al. 2001; Duluth: Ripley and Alawi, 1986; Noril’sk: Lightfoot and 
Zotov, 2007; Platreef: Kinnaird et al., 2005; Voisey’s Bay: Li and Naldrett, 2000) is associated 
with inclusions, so characterising the relationship between the mafic-ultramafic inclusions and 
the Ni-Cu-PGE sulfide mineralization has wider implications and applications. 
As one of the most important ore-bearing units, there is no consensus on the mechanism(s) of 
formation of Sublayer, with some authors suggesting that it represents splash-emplaced impact 
melt driven up the walls of the crater (Pattison, 1979), and some suggesting that it crystallized 
from a hybrid melt formed either by mixing between the impact melt and a mantle-derived high-
Mg magma (Naldrett and Kullerud, 1967; Naldrett et al., 1984; Zhou et al., 1997) or mixing 
between the impact melt and a basaltic melt derived by melting mafic footwall rocks (Golightly, 
1994; Lightfoot et al., 1997a; Prevec, 2000; Prevec et al., 2000; Prevec and Cawthorn, 2002).  
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The main research objective of this thesis has been to characterize the lithologies, textures 
(igneous, metamorphic, shock metamorphic), mineralogy, mineral chemistry, whole-rock 
geochemistry of the mafic-ultramafic inclusions in currently available occurences of Sublayer 
and representative occurrences of IQD, and to apply this to understanding the genesis of these 
lithologies and their role in the ore-forming process. 
1.3 Outline of Methodology 
In order to accomplish these objectives, the following methodologies were employed:  
1) 165 representative mafic-ultramafic inclusions in Sublayer (n = 157) and IQD (n = 8) 
were collected from 20 diamond drill cores.  
2) All 165 inclusions were examined using a compound polarizing microscope to establish 
their mineralogy and textures. 
3) The structures of 3 shocked plagioclase grains and 2 undeformed plagioclase grains were 
assessed by Laser Raman spectroscopy. 
4) Major and minor elements in olivine, orthopyroxene, clinopyroxene, chromite, and 
amphibole in 45 inclusions were analyzed by wavelength-dispersive X-ray emission 
spectrometry using an electron probe microanalyer (EPMA).  
5) Trace elements in olivine, orthopyroxene, and amphibole in one phlogopite lherzolite 
inclusion (#373552 in the Foy offset) and one feldspar lherzolite inclusion (#4920 in the 
Trill embayment) were analyzed by laser ablation inductively-coupled plasma mass 
spectrometry. 
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6) Whole-rock major and minor elements in 83 inclusions were analyzed on fused glass 
discs by wavelength-dispersive X-ray fluorescence spectrometry. 
7) Whole-rock trace elements in 83 inclusions were analyzed by inductively coupled plasma 
mass spectrometry. 
1.4 Structure of Thesis 
This thesis comprises an introductory chapter (Chapter 1), three journal manuscripts (Chapters 2-
4), and a concluding chapter (Chapter 5). Chapters 2 – 4 repeat some information because they 
are intended for publication as individual stand-alone manuscripts.  
Chapter 1 (this chapter) provides background information on the project, research problems and 
objectives, and the methodologies applied to solve the research problems. 
Chapter 2, entitled “SHOCK METAMORPHIC FEATURES IN MAFIC AND ULTRAMAFIC 
INCLUSIONS IN THE SUDBURY IGNEOUS COMPLEX: IMPLICATIONS FOR THEIR 
ORIGIN AND IMPACT EXCAVATION”, record the discovery of abundant shock metamorphic 
features (e.g., mosaicism of olivine; strong fracturing and partial isotropization of plagioclase) in 
the mafic and ultramafic inclusions consistent with a shock pressure of 20 – 30 GPa. Abundant 
plagioclase, the absence of garnet or Mg-spinel, and calculated low pressures (< 500 MPa) 
provide evidence for derivation of the inclusions from unexposed mafic-ultramafic intrusions in 
the upper to middle crust that were disrupted during formation of the transient crater, 
incorporated into the impact melt sheet, and preserved because of their relatively refractory 
compositions. These observations support models involving intermediate rather than very deep or 
very shallow excavation for the Sudbury impact event. 
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Chapter 3, entitled “GEOCHEMISTRY AND PETROGENESIS OF MAFIC AND 
ULTRAMAFIC INCLUSIONS IN SUBLAYER AND OFFSET DIKES, SUDBURY IGNEOUS 
COMPLEX, CANADA”, characterizes the petrography and geochemistry of the mafic-ultramafic 
inclusions, and addresses three different origins for the inclusions in this study. Anteliths 
comprise igneous-textured olivine melanorites and olivine melagabbronorites in the Whistle and 
Levack (Dowling and Onaping Depth) embayments on the North Range. They exhibit similar 
Zr/Y, Zr/Nb, Nb/U, and Zr/Hf ratios to igneous-textured Sublayer matrix (ITSM). Local 
xenoliths comprise shock metamorphosed and recrystallized wehrlites and olivine 
clinopyroxenites in the Levack embayment and shock metamorphosed olivine melanorites in the 
Foy Offset on the North Range. They have similar trace element patterns (e.g., negative Th-U, 
Nb-Ta-(Ti), Sr, and Zr-Hf anomalies) and overlapping Nb/U ratios as a layered mafic-ultramafic 
intrusion in the footwall of the Levack and Fraser deposits. Exotic xenoliths comprise 
phlogopite/feldspar lherzolites, orthopyroxenite, and olivine gabbro with igneous, recrystallized, 
and shock-metamorphic textures in the Trill, Levack, and Bowell embayments and the Foy Offset 
dike on the North Range. They have no equivalents in the exposed country rocks. Calculated 
parental magma composition and geobarometer constraints suggest that these inclusions could be 
derived from continental arc basalt magma formed by ~5% partial melting of garnet peridotite, 
equilibrated at 7.7 – 10.9 km depth, excavated during impact, and incorporated into the SIC. 
Chapter 4, entitled “GENESIS OF SUBLAYER IN THE SUDBURY IGNEOUS COMPLEX”, 
addresses the formation mechanism of Sublayer and relationship between the Sublayer/mafic-
ultramafic inclusions and the Ni-Cu-PGE mineralization. Overlying Main Mass norite is very 
homogeneous in terms of Hf isotopes, indicating that the impact melt sheet was well mixed. 
However, Sublayer, IQD, and overlying basal Main Mass norites vary widely in terms of S-Pb-
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(Os) isotopic compositions. Shocked feldspar lherzolite inclusions were derived from shallow 
depths, but most others were derived from deeper mafic-ultramafic protoliths and must have been 
generated during impact excavation and transported into their current locations, requiring some 
degree of convective and/or gravity-driven mass flow, and preserved because of their refractory 
compositions. However, anteliths, locally-derived inclusions, and local variations in S-Pb-(Os) 
isotopes must have been generated in situ, requiring some degree of subsequent local 
thermomechanical erosion.  
Chapter 5 presents the overall conclusions of the project and possible future work. 
1.5 Statement of Original Contributions 
The following is a summary of the original contributions made by this study: 
1) This is the first study to describe the igneous (e.g., cumulate, poikilitic, and interstitial), 
tectonic metamorphic (e.g., granoblastic, hornfelsic, and recrystallized), and shock 
metamorphic (e.g., shock mosaicism, planar deformation features, and partial isotropization) 
textures of mafic-ultramafic inclusions on both the North and South Ranges. This is the 
first study to report shock metamorphic textures.  
2) This thesis contains the most complete compilation of geochemical data from this study and 
previous published data, and is the first to make systematic comparisons between the 
mafic-ultramafic inclusions, ITSM, and mafic-ultramafic intrusions in the country rocks to 
address any potential petrogenetic relationships.  
3) This is the first study to estimate P-T conditions of the mafic-ultramafic inclusions using 
the Ol-Cpx-Pl geobarometer and to provide better constraints on the depth of the impact 
excavation.  
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4) This is the first study to classify the origins of the mafic-ultramafic inclusions on the basis 
of their textures, mineralogy, and geochemistry. 
5) This is the first study to compiled all available S, Pb-Pb, Sm-Nd, Re-Os, and Lu-Hf 
isotopic data to determine that the impact melt sheet was well mixed and obtained local 
variations during later thermomechanical erosion. 
6) This is the first study to perform MELTS assimilation models and to evaluate the roles of 
convective currents, gravity currents, and thermomechanical erosion in the generation of 
Sublayer. 
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CHAPTER 2  
SHOCK METAMORPHIC FEATURES IN MAFIC AND 
ULTRAMAFIC INCLUSIONS IN THE SUDBURY IGNEOUS 
COMPLEX: IMPLICATIONS FOR THEIR ORIGIN AND 
IMPACT EXCAVATION  
Yujian Wang, C. Michael Lesher*, Peter C. Lightfoot, Edward F. Pattison, and J. Paul Golightly 
Mineral Exploration Research Centre, Harquail School of Earth Sciences, Goodman School of 
Mines, Laurentian University, Sudbury P3E 2C6, Canada 
*Corresponding Author E-mail: mlesher@laurentian.ca 
2.1 Abstract 
The lowermost, discontinuous parts of the impact-generated Sudbury Igneous Complex (Canada), 
comprising the Sublayer and Offset dikes, are distinguished from overlying Main Mass norite 
rocks by the presence of abundant inclusions and Ni-Cu-PGE (PGE = platinum group element) 
sulfide mineralization. The majority of the felsic to mafic inclusions appear to be derived from 
the exposed country rocks, but the volumetrically important olivine-bearing mafic and ultramafic 
inclusions have only very rare equivalents in the surrounding country rocks. We record the 
discovery of abundant shock metamorphic features (e.g., mosaicism of olivine; strong fracturing 
and partial isotropization of plagioclase) in the olivine-bearing mafic and ultramafic inclusions 
consistent with a shock pressure of 20 – 30 GPa. Olivine compositional data are inconsistent with 
a local country rock or mantle origin for these inclusions. Abundant plagioclase, the absence of 
garnet or Mg-spinel, and calculated low pressures (< 500 MPa) provide evidence for derivation 
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of the inclusions from unexposed mafic-ultramafic intrusions in the upper to middle crust that 
were disrupted during formation of the transient crater, incorporated into the impact melt sheet, 
and preserved because of their relatively refractory compositions. These observations support 
models involving intermediate rather than very deep or very shallow excavation for the Sudbury 
impact event.  
2.2 Introduction 
The Sudbury Igneous Complex is located at the boundary between the Archean Superior 
Province and the Paleoproterozoic Southern Province in northeastern Ontario. It is one of the 
world’s oldest, largest, and best-exposed meteorite impact structures (e.g., Grieve and Therriault, 
2000) and contains some of the world’s largest magmatic Ni-Cu-PGE (PGE – platinum group 
element) sulfide deposits (e.g., Lightfoot, 2016). Although there is evidence that the country 
rocks have been deformed by hypervelocity impact (e.g., French, 1967), the proposed depth of 
impact has ranged from deep (as much as 40 km; e.g., Mungall et al., 2004) to shallow (<12 km; 
e.g., Darling et al., 2010). A better estimation of excavation depth is important in establishing the 
evolution of the Sudbury impact crater, the contributions of different rock units to the impact 
melt sheet, and the sources of metals in the associated world-class Ni-Cu-PGE sulfide deposits. 
Previous studies focused on geochemical and/or isotopic analyses of the impact melt sheet itself 
(Offset dike margins, averaged Main Mass lithologies, or glass shards contained in the overlying 
Onaping Formation breccias). All of these studies invoke significant degrees of impact 
homogenization of and post-impact modification by the country rocks. The approach taken here 
is new. We have studied the shock metamorphic record in the refractory olivine-bearing mafic 
and ultramafic inclusions from the Sublayer and the Offset dikes, which we argue are direct 
samples of the target rocks and provide better constraints on the depth of the impact process.  
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2.3 Background 
The Sublayer occurs discontinuously within embayments and troughs along the basal contact of 
the Sudbury Igneous Complex and contains a similar inclusion population to the Offset dikes, 
which occur as concentric and radial dikes that extend as much as 20 km into the country rocks 
(e.g., Pattison, 1979; Lightfoot, 2016). The Sublayer and the Offset dikes host, or are directly 
associated with, most of the contact and offset Ni-Cu-PGE ores in the Sudbury structure. As a 
result, they are important not only from a petrogenetic perspective, but also from an economic 
perspective. 
The Sublayer and the Offset dikes contain abundant inclusions, including felsic to mafic 
inclusions derived from local country rocks (Huronian metabasalts and metasediments, East Bull 
Lake mafic to anorthositic intrusions, and Nipissing mafic intrusions), and also abundant olivine-
bearing mafic and ultramafic inclusions with only rare, poorly described potential equivalents in 
the surrounding country rocks (Naldrett et al., 1984). Some olivine melanorite inclusions have 
well-preserved igneous textures and are believed to have cognate origins involving contributions 
from (1) unspecified more primitive magmas (Corfu and Lightfoot, 1996), (2) mantle-derived 
magmas (e.g., Lightfoot et al., 1997), and/or (3) melted mantle-derived mafic country rocks (e.g., 
Prevec et al., 2000); however, most of the ultramafic inclusions have been proposed to be exotic 
(e.g., Pattison, 1979; Golightly, 1994). The olivine-bearing mafic and ultramafic inclusions range 
in size from centimeters to tens of meters, are typically rounded to subrounded, and are 
dominated by cumulate and poikilitic igneous textures. The lithologies include dunite and 
feldspar peridotite, pyroxenite, amphibole pyroxenite, olivine melanorite, and olivine gabbro, 
most of which contain 1% – 10% phlogopite. The inclusions can be divided into four lithological, 
textural, and geochemical groups (see Fig. S2.1).  
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2.4 Shock Metamorphic Features 
Shock metamorphic features are recognized in multiple samples in all four groups. Four group I 
feldspar peridotite inclusions are characterized by undulose extinction and partial isotropization 
of plagioclase. All 14 samples of group II wehrlite inclusions are characterized by dynamic 
recrystallization or shock mosaicism of olivine. Three group III olivine- and amphibole-bearing 
orthopyroxenite contain kink-banded phlogopite. Two group IV olivine melanorite inclusions 
display mosaicism of olivine and potentially “decorated” planar deformation features (PDFs) in 
orthopyroxene. This paper focuses mainly on mosaicism of olivine and partial isotropization of 
plagioclase. 
2.4.1 Shock Mosaicism of Olivine 
Olivine in heavily shocked rocks (20 – 30 GPa) is commonly characterized by mosaic texture, 
where olivine grains have been deformed into aggregates of small domains having 1° – 5° 
(sometimes up to 20°) disorientations (Carter et al., 1968). The precise mechanism of mosaicism 
has not been established, but may be a result of intense fracturing and plastic flow on the scale of 
the crystal structure (Carter et al., 1968). The subequant to irregular domains of impact 
mosaicism differ from plastic polygonization, which is characterized by slip bands, deformation 
lamellae, and kink bands (e.g., Raleigh, 1968); from dynamic recrystallization, which is 
characterized by subgrain rotation and dislocation glide (e.g., Falus et al., 2011); and from static 
recrystallization, which is characterized by more uniform grain sizes with 120° angles (e.g., 
Ragan, 1969). 
Mosaicism is present in olivine in group II and IV inclusions. Sample #373555, a group IV 
inclusion from the Foy Offset, is a representative example where olivine occurs as 1 – 2 mm 
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elliptical aggregates that exhibit smooth margins against the surrounding recrystallized 
plagioclase groundmass (Figs. 2.1A and 2.1B). The absence of any preferred orientation of the 
recrystallized olivine grains, or evidence of boundary migration of the elliptical olivine 
assemblages, precludes a strain-dependent (dynamic) recrystallization process. Although a few 
olivine subgrains exhibit 120° triple junctions, the wide range in sizes (10 – 200 μm) and wide 
variety of irregular grain shapes and contacts are unlikely to have been generated solely by static 
recrystallization. As a result, we suggest that primary olivine underwent shock mosaicism, which 
gave rise to variably small distortions of the crystal lattice, and was then thermally recrystallized 
during post-shock recovery and/or during incorporation into the Sublayer magma. 
In addition, orthopyroxene also contains potential PDFs, which occur as pervasive parallel 
fractures (1 – 2 μm wide, 3 – 5 μm spaced) that are partially decorated by aligned fluid inclusions 
(Wang et al., 2016).  
Shock mosaicism and PDFs usually form at a pressure of 20 – 30 GPa (Stöffler et al., 1991).  
2.4.2 Shock Metamorphism of Plagioclase 
Plagioclase is a common intercumulus phase in most ultramafic inclusions. Plagioclase in group I 
inclusions displays undulose extinction, pervasive fractures, and partial isotropization (Figs. 2.1C 
and 2.1D). The fractures are narrow (typically < 3 µm wide), but variably spaced (typically 5 – 
30 µm), occur in multiple orientations, and generally cut through plagioclase grains. Most are 
filled with unidentified Mg- and Fe-rich phases. Although different from the closed planar 
fractures and PDFs in typical shocked plagioclase (e.g., Chao 1967), the complex and open 
fracture networks observed in the plagioclase in Sublayer inclusions have been reported in 
shocked plagioclase in the Stannern meteorite (Czech Republic) and Peace River meteorite 
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(Alberta, Canada) (Chen and Gorsey, 2000). The inhomogeneity on a micron scale, where glass 
and crystalline materials both occur, is common in shocked terrestrial rocks and meteorites (e.g., 
Kitamura et al., 1977).  
We investigated unshocked and shocked plagioclase in a representative ultramafic inclusion 
(sample 373582) using micro-Raman spectroscopy. The analyses were performed using a 
Renishaw inVia Reflex Raman spectrometer at Surface Science Western in London, Ontario 
(Canada) using analytical procedures described by Fritz et al. (2005). Unshocked plagioclase 
(An50) in a reference quartz gabbro sample from the Main Mass of the SIC exhibits characteristic 
Raman bands at 188.9, 480.0, and 508.3 cm-1, and a minor band at 797.0 cm-1. Full widths at half 
maximum (FWHM) of the key 480.0 and 508.3 cm-1 bands are 25.5 and 19.0 cm-1, respectively 
(Fig. 2.2). 
Shocked plagioclase is stoichiometric An35–53 with no obvious zoning, and is characterized by 
pronounced short-frequency (< 450 cm-1) Raman bands peaking at 182.9 and 281.7 cm-1 
(spectrum 373582–1 in Fig. 2.2) and 186.6, 282.3, and 405 cm-1 (spectrum 373582–2 in Fig. 2.2). 
The 405 cm-1 band displays pronounced shoulders on both sides. The medium-frequency bands 
(450 – 520 cm-1) exhibit decreasing width around 480 cm-1 (FWHM = 20.8 cm-1 in 373582–1, 
and 10.5 cm-1 in 373582–2) and merge into the major band at 506.3 cm-1 (373582–1) or 504.4 
cm-1 (373582–2). This phenomenon has been recorded in the Raman spectra of plagioclase in 
Martian meteorites (Fritz et al., 2005). Bands in the 450 – 520 cm-1 range are attributed to the 
motion of bridging oxygens atoms in the “ring-breathing” modes of symmetric stretching in T-O-
T linkages (T = Si4+, Al3+) (e.g., Matson et al., 1986; Freeman et al., 2008). Therefore, variations 
in T-O-T bond angles (i.e., disorder of TO4 tetrahedra) will affect the positions of medium-range 
bands. The observed variations in short and intermediate frequencies cannot be regarded as 
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diagnostic of shock metamorphism because variations in composition and crystal orientation may 
also cause artificial variations in band properties (i.e., band broadening or reduced intensities). 
However, a longer-frequency band around 580 cm-1 (580.8 cm-1 in 373582–1, 584.4 cm-1 in 
373582–2) emerges as a shoulder on the band near 500 cm-1. This shoulder is assigned to 
symmetric stretching vibrations of three-membered Al-O ring structure, indicating the increased 
portion of this ring structure in pressure-induced amorphous CaAl2Si2O8 (Daniel et al., 1997). 
This band appeared in synthetic anorthite after being experimentally shocked to 30 GPa (Velder 
et al., 1989). Additionally, both shocked plagioclases analyzed in this study exhibit a pronounced 
broad band at 999.6 cm-1 (373582–1) or 993.6 cm-1 (373582–2), which has been observed in 
shocked anorthite (An96) in lunar meteorite NWA773 (Freeman et al., 2008). The occurrence of 
this broad, medium-intensity band around 1000 cm-1 in the spectra is diagnostic of the presence 
of CaAl2Si2O8 glass (Daniel et al, 1995, Daniel et al., 1997). Thus, the Raman spectra indicate 
shock-induced partial isotropization of plagioclase at a pressure of 26–29 GPa (Stöffler et al., 
1986). 
2.5 Mineral Composition 
Olivine is commonly the first silicate mineral to crystallize from mafic-ultramafic magmas and 
therefore provides insights into deciphering the early crystallization history of the magmas and 
the characteristics of the magma source. Wavelength-dispersive X-ray emission spectrometric 
analyses of olivine in 56 olivine-bearing mafic and ultramafic inclusions (using an electron probe 
microanalyzer) reveals that the olivines display a wide range of composition (i.e., Fo86–68 and 
3992 – 621 ppm Ni). This is distinctly different from olivine in residual mantle peridotite (Fo93–89 
and 3000 – 1500 ppm Ni; Pearson et al., 2004). Notably, some individual samples contain olivine 
that is characterized by very high Ni contents (3992 – 3010 ppm), up to 1500 ppm higher than the 
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dominant olivines with similar Fo contents (Fig. 2.3), and similar to the high-values in olivine in 
basalts derived from pyroxenitic sources (e.g., Ni-rich olivines from CMVB in Fig. 2.3). The 
dominant olivines commonly form clusters defined by individual samples and/or samples from 
the same locations, but vary greatly between different samples and locations (Fig. 2.3). The 
variations in olivine compositions are not consistent with fractional crystallization or magma 
mixing, which would generate systematic trends, suggesting that the olivine-bearing mafic and 
ultramafic inclusions are derived from multiple crustal target sources with different compositions.  
2.6 Geobarometry 
The absence of garnet or Mg-spinel and the universal presence of plagioclase in the inclusion 
assemblages imply a depth < 30 km (Green and Hibberson 1970). In order to more precisely 
estimate the depth of derivation, we selected several olivine-bearing mafic and ultramafic 
inclusions from multiple localities that exhibited textural and mineral-chemical evidence of being 
in chemical equilibrium, and applied the olivine-clinopyroxene-plagioclase (Ol-Cpx-Pl) 
barometer of Ziberna et al. (2017) (see Table 3-8 for the input data). The results (Table S2.1) 
suggest that all of the inclusions equilibrated between 210 ± 166 and 300 ± 178 MPa at depths 
between 7.7 ± 6.0 and 10.9 ± 6.5 km, assuming a geobarometric gradient of 27.5 MPa/km 
(equivalent to an average crustal density of 2800 kg m-3, consistent with the abundance of mafic 
intrusive rocks in the Huronian and Archean sequences). Given the widely accepted crustal 
thickness of 37-38 km in the Sudbury region (Winardhi and Mereu, 1997) and the overwhelming 
upper crustal signature (after allowance for the great abundance of mafic intrusions in the 
Sudbury region) in the impact melt (Lightfoot, 2016), this suggests an upper to middle crustal 
origin for the inclusions; not a very shallow (e.g., Darling et al., 2010) or very deep (e.g., 
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Mungall et al., 2004) excavation depth. The absence of any higher-pressure inclusions militates 
against an interpretation of deep impact.  
2.7 Conclusion 
Shock mosaicism of olivine and partial isotropization of plagioclase in olivine-bearing mafic and 
ultramafic inclusions in the Sublayer and the Offset dikes provide near-unequivocal evidence for 
shock metamorphism at 20–30 GPa and therefore an exotic origin of the inclusions. The 
dominant cumulate and poikilitic textures, and low forsterite contents of olivine in all inclusions 
preclude the inclusions being direct samples of the subcontinental lithospheric mantle. The 
estimated low to moderate pressure of all samples and the absence of any higher pressure samples 
support an upper to middle crust origin for these inclusions and therefore a shallow to 
intermediate rather than deep impact depth. 
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Figure Captions 
Figure 2.1 Photomicrographs of the shock metamorphic features of the olivine-bearing mafic and 
ultramafic inclusions in the Sublayer and the Offset dikes of Sudbury Igneous Complex (Canada). 
A: Shocked mosaic olivine preserves the origin euhedral shape, but now comprises small 
subgrains (plane-polarized light) (sample 373555). B: Same field of view as A shows olivine 
subgrains with distinct interference colors (cross-polarized light). C: Shocked plagioclase shows 
pervasive, multi-oriented fractures (plane-polarized light) (sample 373582). D: Same field of 
view as C shows partial isotropization (cross-polarized light). Mineral abbreviations: Ol-olivine; 
Opx-orthopyroxene; Pl-plagioclase; Phl-phlogopite. 
Figure 2.2 Raman spectra of shocked plagioclase (Pl) in an ultramafic inclusion (sample 373582) 
and unshocked plagioclase in quartz gabbro from Main Mass of Sudbury Igneous Complex 
(Canada).  
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Figure 2.3 Plot of forsterite (Fo) content (mole%) vs Ni concentration (ppm) of olivine in the 
olivine-bearing mafic and ultramafic inclusions in Sublayer and Offset dikes of Sudbury Igneous 
Complex (Canada). Light green and beige fields indicate serial melting up to 20% of peridotite 
and pyroxenite mantle sources, respectively. Lines of olivine fractionation in equilibrium with 
either peridotite- or pyroxenite-derived melts are referred to Straub et al. (2008). Stars and circles 
on the fractionation lines represent every 10% fractionation. Sample 373577 has higher Fo and 
Ni contents compared to the other samples. CMVB - olivines from central Mexican volcanic belt 
formed by mixing between peridotite- and pyroxenite-derived melts in Subduction environment 
(Straub et al., 2008); Ol – olivine; Pl – plagioclase; Phl – phlogopite; LHZT-lherzolite; GBBR- 
gabbro; NORT- norite; Recry-WHTE-recrystallized wehrlite – olivine clinopyroxenite. 
Figure S2.1 The inclusions can be divided into four lithological, textural, and geochemical 
groups. Group I (~54% of sampled inclusions) includes serpentinized dunites, weakly 
serpentinized feldspar peridotites, pyroxenites, olivine melanorites, and olivine gabbros that have 
trace element geochemical patterns broadly similar to the igneous-textured Sublayer matrix 
(ITSM: Lightfoot et al., 1997), but with variably lower absolute abundances, especially heavy 
rare-earth elements (HREE), and more pronounced negative Sr-Ti anomalies. Group II (~27%) 
includes wehrlites and olivine clinopyroxenites that have lower abundances of all incompatible 
trace elements than the ITSM, especially highly incompatible lithospheric elements (HILE), and 
most have more pronounced negative Sr-Al anomalies. Group III (~11%) includes olivine- and 
amphibole-bearing orthopyroxenites and is characterized by interstitial olivine. Most are 
geochemically similar to Group II, but have no negative Sr-Al anomalies. One (#373577) is very 
strongly depleted in HILE and most moderately incompatible lithosphile elements (MILE), closer 
to primitive mantle values with positive U-K-Zr-Hf and negative Sr-Sc anomalies. The olivine in 
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the latter sample is characterized by significantly higher Fo and Ni compared to the other Group 
III samples (Fig. 3). Group IV (~4%) includes olivine melanorites that are distinguished from 
Group I olivine melanorites by low HILE-MILE abundances and unfractionated mantle-
normalized patterns, similar to sample #373577 in Group III, but display moderately negative 
Nb-Ta and slightly positive Sr anomalies. Primitive mantle values from McDonough et al. (1992). 
Table S2.1 Results of P calculations for the representative olivine-bearing mafic and ultramafic 
inclusions in Sublayer at several locations in the Sudbury Igneous Complex using the model of 
Ziberna et al. (2017). 
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Figure 2.1  Photomicrographs of the shock metamorphic features of the olivine-bearing mafic and 
ultramafic inclusions in Sublayer and Offset dikes of Sudbury Igneous Complex (Canada) 
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Figure 2.2  Raman spectra of shocked plagioclase (Pl) in an ultramafic inclusion (sample 373582) 
and unshocked plagioclase in quartz gabbro from Main Mass of Sudbury Igneous Complex 
(Canada) 
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Figure 2.3  Plot of forsterite (Fo) content (mole%) vs Ni concentration (ppm) of olivine in the 
olivine-bearing mafic and ultramafic inclusions in Sublayer and Offset dikes of Sudbury Igneous 
Complex (Canada) 
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Figure S2.1  Group division of mafic-ultramafic inclusions on the basis of lithologic, textural, and 
geochemical characteristics 
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Table S2.1  Results of P calculations for the representative olivine-bearing mafic and ultramafic 
inclusions in Sublayer at several locations in the Sudbury Igneous Complex using the model of 
Ziberna et al. (2017). 
Sample Lithology Location Tσfit°C P MPa σP MPa  σfit Depth km 
358091 Phl LHZT Levack 900 300.0 178.0 0.7 10.9 ± 6.5 
372980 Pl LHZT Trill 1050 240.0 109.0 1.5 8.7 ± 4.0 
4920B Pl LHZT Trill 1120 210.0 166.0 1.9 7.7 ± 6.0 
4920A  Ol GBBR Trill 1100 220.0 183.0 1.6 8 ± 6.7 
Note: Po = 4.0 kbar and To = Tσfit (see discussion by Ziberna et al., 2017) for all calculations. The effect of changing 
Po on calculated P is neglible, but the effect of changing To on calculated P can be significant, so Tσfit has been 
selected by minimizing σfit across the temperature interval 700 - 1300°C. Because igneous spinel is not present in our 
assemblages, we have used the COlP (Cpx - Ol - Pl) calibration, which may overestimate P by ≤ 100 MPa at P < 500 
MPa. All P calculations passed the χ2 test (σfit < 1.73), except for sample 4920B (within 20% of cut-off value - 1.73). 
Depth has been calculated assuming a geobarometric gradient of 27.5 MPa/km. 
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CHAPTER 3  
GEOCHEMISTRY AND PETROGENESIS OF MAFIC AND 
ULTRAMAFIC INCLUSIONS IN SUBLAYER AND OFFSET 
DIKES, SUDBURY IGNEOUS COMPLEX, CANADA 
Yujian Wang1, C. Michael Lesher*1, Peter C. Lightfoot2, Edward F. Pattison1, and J. Paul 
Golightly 
1 Mineral Exploration Research Centre, Harquail School of Earth Sciences, Goodman School of 
Mines, Laurentian University, Sudbury P3E 2C6, Canada 
2 Hutchinson Visiting Industry Professor, University of Western Ontario, 1151 Richmond Street, 
London N6A3K7, Canada 
*Corresponding Author e-mail: mlesher@laurentian.ca 
3.1 Abstract 
The ca. 1.85 Ga Sudbury Igneous Complex (SIC) is the igneous remnant of one of the oldest, 
largest, and best-preserved impact structures on Earth and contains some of the world’s largest 
magmatic Ni-Cu-PGE sulfide deposits. Most of the mineralization occurs in Sublayer, Footwall 
Breccia (FWBX), and inclusion-bearing quartz diorite (IQD), which occur discontinuously in 
embayments/troughs along and in radial/concentric dikes emanating from the basal contact of the 
Main Mass of SIC into the underlying country rocks. All contain significant (Sublayer and IQD) 
to minor (FWBX) amounts of olivine-bearing mafic-ultramafic inclusions that have only rare 
equivalents in the country rocks and are closely associated with the Ni-Cu-PGE sulfide 
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mineralization. They can be divided into three groups on the basis of textures, mineralogy, and 
geochemical characteristics, especially trace element signatures. Group I (n = 47) includes 
igneous-textured olivine melanorite and olivine melagabbronorite inclusions in the Whistle and 
Levack (Dowling and Onaping Depth) embayments on the North Range. They exhibit similar 
Zr/Y, Zr/Nb, Nb/U, and Zr/Hf ratios to igneous-textured Sublayer matrix (ITSM) and olivine 
melanorite inclusions in the Whistle embayment have unradiogenic εNd1850 Ma values (-8 to -5), 
and radiogenic to moderately unradiogenic γOs1850 Ma values (-8 to 94), indicating a contribution 
from older crustal rocks with low Re/Os ratios and unradiogenic Os isotope composition. These 
data indicate that Group I inclusions are anteliths that crystallized from a mixture of impact melt 
and a more mafic melt, probably derived by melting of the widespread Huronian volcanic and 
subvolcanic units in the region. Group II includes Group IIA (n = 17) shock metamorphosed and 
recrystallized wehrlite and olivine clinopyroxenite inclusions in the Levack embayment and 
Group IIB (n = 2) shock metamorphosed olivine melanorite inclusions in the Foy Offset on the 
North Range. Group IIA inclusions have similar trace element patterns (e.g., negative Th-U, Nb-
Ta-(Ti), Sr, and Zr-Hf anomalies) as well as overlapping Nb/U ratios with a layered mafic-
ultramafic intrusion in the footwall of the Levack and Fraser deposits, which together with their 
limited distribution suggests that Group IIA inclusions are locally-derived xenoliths. Group IIA 
inclusions have low Zr and Zr/Y ratios, variable Zr/Nb ratios, subchondritic Zr/Hf ratios, and 
superchondritic Nb/Ta ratios, which indicate that they crystallized from a melt derived from a 
heterogeneous source that had been metasomatized by slab-derived fluids/melts. The petrogenesis 
of Group IIB inclusions is the least clear because of the strong shock and thermal metamorphism 
and limited number of samples. They display overlapping Zr/Y, Zr/Nb, and Nb/U variations with 
and plot on the same trend as Group IIA inclusions in a plot of Ta/Yb vs Th/Yb, indicating that 
they are petrogenetically related to Group IIA inclusions. Group III (n = 21) includes 
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phlogopite/feldspar lherzolite inclusions with igneous, recrystallized, and shock-metamorphic 
textures in the Trill, Levack, and Bowell embayments and the Foy Offset dike on the North 
Range. They have no equivalents in the exposed country rocks. Feldspar lherzolite inclusions in 
the Trill embayment exhibit orthopyroxene reaction rims against ITSM, indicating disequilibrium 
with the impact melt, and one composite inclusion exhibits igneous layering of feldspar lherzolite 
and olivine gabbro, implying derivation from an unexposed layered mafic-ultramafic intrusion. 
The calculated parental magma is similar to continental arc basalt formed by approximately 5% 
partial melting of garnet peridotite. Ol-Cpx-Pl thermobarometry of several Group III inclusions 
indicate equilibration at 900oC to 1120oC and 210 ± 166 kbar to 300 ± 178 MPa, suggesting 
emplacement into upper-middle crust (7.7 ± 6.6 to 10.9 ± 6.5 km), prior to being incorporated 
into the lower parts of the proto-SIC during impact excavation. 
Key words: Sudbury Igneous Complex, Sublayer, mafic-ultramafic inclusions, Ni-Cu-PGE 
sulfide mineralization, geochemistry 
3.2 Introduction 
The 1.85 Ga Sudbury Structure is the erosional remnant of one of the oldest, largest, and best-
preserved impact structures on Earth (e.g., Dietz 1964; Grieve, 1991; Spray et al., 2004) and 
contains some of the world’s largest magmatic Ni-Cu-PGE sulfide deposits (e.g., Naldrett, 2004; 
Lightfoot, 2016). The Sudbury Structure includes the Sudbury Igneous Complex (SIC), overlying 
fall-back breccias, suevites, and basin-fill sediments of the Whitewater Group, and underlying 
pseudotachylitic, anatectic, and contact-metamorphosed breccias. The SIC is divided into two 
domains: a South Range underlain by Huronian Supergroup mafic-felsic volcanic, felsic plutonic, 
and sedimentary rocks, 2.4 Ga East Bull Lake Suite mafic intrusive rocks, and 2.2 Ga Nipissing 
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Suite mafic rocks; and a North Range underlain by Archean felsic-mafic gneisses, granitoids, and 
mafic-ultramafic intrusions (Fig. 3.1A). The SIC comprises (from base to top) (1) radial and 
concentric Offset dikes that extend up to 20 km into the country rocks and comprise a 
marginal/distal phase of inclusion- and sulfide-poor quartz diorite (QD) and an interior/proximal 
phase of inclusion- and sulfide-rich quartz diorite (IQD); (2) a discontinuous inclusion- and 
sulfide-rich Sublayer unit with an igneous-textured norite-leuconorite matrix (ITSM; Fig. 3.1B) 
and an underlying Footwall Breccia unit that occurs in embayments or troughs along the base of 
the SIC; and (3) a 1.5 km- (parts of North Range) to 5 km- (parts of South Range) thick Main 
Mass that comprises (from base to top): norite, quartz gabbro, and granophyre.  
The abundant inclusions in Sublayer and IQD range from a few millimetres to approximately 100 
m (Hewins, 1971; Naldrett et al., 1972) in diameter, and comprise felsic to mafic gneisses, mafic 
metavolcanic rocks, metagabbros, and metasedimentary rocks, and mafic-ultramafic lithologies 
(e.g., Naldrett et al., 1984). Although most of the inclusions appear to be derived from local 
country rocks, the mafic-ultramafic inclusions have only rare equivalents in the country rocks and 
have at least three origins:  
(1) Cognate: Anteliths derived from remnants of unexposed parts of the SIC (Naldrett et al., 
1984) or earlier Sublayer cumulates (Lightfoot et al., 1997a, b; Farrell, 1997). Crystallization of 
any known SIC magma would not produce comparable olivine-orthopyroxene assemblages 
(Prevec, 2000), which has been interpreted to require contributions from i) mantle-derived 
magmas (e.g., Lightfoot et al., 1997a, b; Farrell, 1997), ii) unspecified more primitive magmas 
(Corfu and Lightfoot, 1996; Zhou et al., 1997), and/or iii) melted pre-existing mafic country 
rocks (Prevec, 2000; Prevec et al., 2000).  
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(2) Local: Xenoliths derived from local country rocks, including Nipissing diabase intrusions 
(Card and Pattison 1973), East Bull Lake suite intrusions (Pattison, 1979), and ultramafic bodies 
in the Levack Gneiss (Pattison 1979; Moore et al., 1993, 1994, 1995). However, no systematic 
comparison of petrography and geochemistry has been conducted for the inclusions and these 
target rocks.  
(3) Exotic: Xenoliths derived from unexposed mafic-ultramafic intrusions (e.g., Rae, 1975; Kuo 
and Crocket, 1979; Scribbins, 1978; Scribbins et al., 1984; Wang et al., 2018).  
Mafic-ultramafic inclusions are spatially associated with Ni-Cu-PGE sulfide mineralization (e.g., 
Naldrett and Kullerud, 1967; Pattison, 1979; Naldrett et al., 1984; Lightfoot et al., 1997a, b). 
Therefore, understanding the origin of the mafic-ultramafic inclusions is important not only in 
establishing the evolution of the SIC, but also in constraining the genesis of the world’s largest 
accumulation of Ni-Cu-PGE sulfide mineralization. The purpose of this paper is to (1) review the 
occurrence of the mafic and ultramafic inclusions in Sublayer and IQD; (2) establish the 
petrography, whole-rock geochemistry, and mineral chemistry of the inclusions, ITSM, and rare 
mafic-ultramafic bodies in the country rocks; (3) determine the petrogenesis of the inclusions; 
and 4) constrain the evolution of the Sublayer and IQD.  
3.3 Sampling and Analytical Methods 
One hundred sixty-five samples of mafic and ultramafic inclusions from 20 localities around the 
SIC were sampled for this study, representing all locations where mafic-ultramafic inclusions 
could be obtained. These samples were supplemented with published and unpublished data for 
olivine chemistry for 28 ultramafic inclusions in the Craig mine (North Range) and Gertrude 
embayment (South Range) (M. Moore, unpubl.), whole-rock major and trace elements for 39 
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olivine melanorite inclusions in the Whistle embayment (Lightfoot et al., 1997a), whole-rock 
major elements for 16 mafic and ultramafic inclusions in the Murray, Creighton, Gertrude, and 
Little Stobie embayments and Frood offset on the South Range (Scribbins, 1978 and M. Moore, 
unpubl.), and whole-rock major and trace elements for 210 samples of ITSM in the Whistle, 
Fraser, Levack, and McCreedy West embayments on the North Range and Little Stobie, 
Creighton, and Crean Hill embayments on the South Range (Lightfoot et al., 1997a). Considering 
the variability of the inclusion-bearing lithologies and the paucity of trace element data for many 
previously-studied inclusions, we do not consider the database to be as comprehensive as 
desirable for olivine-bearing mafic inclusions, but we believe that it is representative of 
ultramafic inclusions. 
All samples in this study were examined in transmitted and reflected light to derive textural and 
mineralogical information relevant to their petrogenesis. Best-preserved and most representative 
inclusions in the Levack, Trill, Dowling, Onaping Depth, and Bowell embayments, and Foy 
offset on the North Range (Fig. 3.1A) were selected for mineral (n = 45) and whole-rock (n = 83) 
geochemical analysis at the Ontario Geoscience Laboratories (OGL) in the Willet Green Miller 
Centre on the Laurentian University Campus in Sudbury.  
Major and minor elements in olivine, orthopyroxene, clinopyroxene, chromite, and amphibole 
were analyzed by wavelength dispersive X-ray emission spectrometry using a 5-spectrometer 
Cameca SX-100 electron probe microanalyzer (EPMA). Analytical procedures are given in 
Crabtree (2011). Analytical conditions were: 20 kV accelerating voltage, 20 nA beam current, 
and count rates below 20000 counts per second. Raw data were corrected using the Cameca PAP 
correction routine. Lower limits of detection were maintained under 0.01 weight% for most major 
elements. Analytical precision of most elements is better than ±2%.  
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Major and minor elements in whole-rock powders were analyzed on fused glass discs by 
wavelength dispersive X-ray fluorescence spectrometry using a PANalytical Axios Advanced 
spectrometer. Analytical procedures are given in Keating and Burnham (2012). Fifty-two 
certified reference materials were used to calibrate the spectrometer. Analytical accuracy is better 
than ±0.5% (2 sigma, relative) for most elements. Analytical precision is better than ±1% for Si-
Ti-Fe-Ca-Ba-K-P and better than ±2% for Al-Cr-Mn-Mg-Na (2 sigma, relative). Sulfur was 
analyzed by inductive combustion and infrared absorption using a LECO CS844 sulfur analyzer. 
Analytical precision is ±3%. Loss-on-ignition (LOI) was determined gravimetrically after heating 
at 1000°C under an oxygen atmosphere. Trace elements were analyzed by inductively-coupled 
plasma mass spectrometry (ICP-MS) using a Perkin-Elmer Sciex ELAN 9000 quadrupole 
spectrometer following a 10-day dissolution with HF-HClO4-HCl-HNO in closed Teflon beakers. 
Dissolution details are given in Burnham et al. (2002) and analytical procedures are given in 
Burnham (2008). Calibration was against a set of three well-characterized reference materials 
(AC-E, AGV-1, and BE-N). Analytical accuracy is generally better than ±10%, however, several 
elements (e.g., Er, Hf, Lu, Pr, Tb, U and Y) are no better than ±10-15%. Analytical precisions for 
most elements range from ±10% close to the limits of quantification to ±2-8% at moderate to 
high concentrations.  
Trace elements in olivine, orthopyroxene, and amphibole in two representative inclusions 
(#373552 in the Foy offset and #4920 in the Trill embayment) were determined by laser ablation 
inductively-coupled plasma mass spectrometry using a Resonetics RESOlution M-50 193 nm 
ArF excimer laser coupled to a Thermo X-Series II ICP-MS in the Harquail School of Earth 
Sciences at Laurentian University. Analytical conditions were: 20 ns pulse duration, 5-7 Hz 
repetition rate, 40-80 µm beam diameter, 3-18 µm sec-1 ablation rate (typically 1/3 to 1/2 beam 
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diameter), 4-5 J cm-2 energy density, 650 ml min-1 gas (He) rate. Data reduction was carried out 
using the Iolite software (Paton et al. 2011) in Igor Pro with NIST 610 and Fe56 acting as the 
external and internal references, respectively. Precision and accuracy were assessed from 
repeated analysis of BCR-2. The traverse data applies a time-slice technique, which equates to a 
single analysis collected each 0.35 s based on the analytical procedures used in this study, and is 
hence a proxy for a spot analysis. The limits of detection for integrated data were calculated 
according to Longerich et al. (1996) and were typically 0.01 to 1 ppm for trace elements, 
depending primarily on beam diameter and the analytic background signal. 
3.4 Petrography 
3.4.1 Sublayer and IQD Matrices 
ITSM is typically fine- to medium-grained and igneous-textured, but may exhibit partial melting 
textures where transitional to Footwall Breccia. It is typically a fine-grained subophitic (Fig. 3.2A) 
to locally porphyritic (Fig. 3.2B) norite, gabbronorite, or leuconorite (Naldrett and Kullerud, 
1967). It is composed of 30 – 50% cumulus orthopyroxene (or amphibole after pyroxene) and 30 
– 40% plagioclase laths, with variable amounts of interstitial augite, phlogopite, granophyric 
intergrowths of K-feldspar and quartz, iron oxides, and trace to ~ 60% blebby, disseminated, 
semi-massive, massive, and stringer sulfides (Naldrett et al., 1984). Only rare replacement of 
silicate by sulfide has been reported (Naldrett and Kullerud, 1967; Coats and Snajdr, 1984).  
IQD matrix is a fine- to medium-grained rock with a quartz dioritic composition. It is composed 
of variable amounts of plagioclase, ortho- and clinopyroxene (or amphibole after pyroxene), 
quartz, and biotite, minor amounts of granophyre (Figs. 3.2C and 3.2D), and accessory apatite 
and titanite. There is no evidence of accumulation of orthopyroxene and/or plagioclase in IQD. 
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Ni-Cu-PGE mineralization is generally associated with medium-grained IQD and often occurs in 
the core of the dikes or at jogs and discontinuities in the dikes. The silicate-sulfide textures in 
IQD range from disseminations and blebs of sulfide in a QD matrix to disseminations and blebs 
of QD in a sulfide matrix (Hawley, 1962). 
3.4.2 Mafic-Ultramafic Inclusions in Sublayer and IQD 
Mafic-ultramafic inclusions in Sublayer and IQD have been described by Souch et al. (1969), 
Hewins (1971), Rae (1975), Scribbins (1978), Hanbury (1982), Scribbins et al. (1984), Naldrett 
et al. (1984), Farrell (1997), Lightfoot et al. (1997a), and Farrow and Lightfoot (2002). They vary 
widely in size from a few millimeters to tens of meters and generally have sharp margins. North 
Range inclusions comprise phlogopite lherzolite, feldspar lherzolite, wehrlite – olivine 
clinopyroxenite, (olivine) orthopyroxenite, olivine melagabbronorite, olivine melanorite, and 
olivine gabbro with igneous (e.g., cumulate, poikilitic, and interstitial), tectonic metamorphic 
(e.g., granoblastic, hornfelsic, and recrystallized), and shock metamorphic (e.g., shock mosaicism, 
planar deformation features, and partial isotropization) textures. South Range inclusions comprise 
dunite, harzburgite, olivine orthopyroxenite, orthopyroxenite, and olivine melanorite with well-
developed cumulate to extensively granulated and recrystallized textures.  
Key petrographic characteristics of the mafic-ultramafic inclusions on the North Range 
(Lightfoot et al., 1997a; this study) and South Range (Scribbins, 1978) are summarized in Table 
3.1, and detailed descriptions of inclusions types on the North Range are provided below. 
Phlogopite lherzolite inclusions (n = 5) occur in the Foy offset (this study). They comprise 50 – 
60% olivine, 15 – 25% orthopyroxene, 10 – 15% clinopyroxene, 10 – 15% phlogopite, and <5% 
plagioclase. They are characterized by intensive tectonic or impact-induced thermal 
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metamorphism (e.g., granoblastic olivine and hornfelsic clinopyroxene) and infiltration veins 
with contrasting compositions. No visible sulfide is present. The inclusions display sharp contacts 
with the matrix, occasionally with chlorite coatings.  
Feldspar lherzolite inclusions (n = 12) occur in the Levack, Trill, and Bowell embayments on 
the North Range (this study). They comprise 45 – 65% olivine, 20 – 45% ortho- and 
clinopyroxene, 5 – 15% interstitial plagioclase, <5% interstitial phlogopite, and occasionally <5% 
interstitial amphibole. They are characterized by well-preserved orthocumulate, poikilitic, and 
interstitial textures. There are two types of olivines: i) coarse-grained (1 – 2 mm) cumulus grains, 
and ii) fine-grained (0.1 – 0.3 mm) chadacrysts enclosed by coarse-grained (1 – 3 mm) pyroxene 
and plagioclase oikocrysts (Fig. 3.3A). One composite inclusion in the Trill embayment displays 
parallel layering of feldspar lherzolite and olivine gabbro (described below). No visible sulfide is 
present in these inclusions. The contact between feldspar lherzolites and ITSM is commonly 
marked by a 5 – 7 mm (olivine) orthopyroxenite reaction zone, which comprises predominantly 
adcumulate coarse-grained (1 – 2 mm) orthopyroxene (Fig. 3.3B). One shocked feldspar 
lherzolite inclusion from the Levack embayment comprises 40 – 45% medium-grained (0.5 – 1 
mm) cumulus pyroxene, ~ 40% fine-grained (0.1 – 0.2 mm) olivine chadacrysts, 20 – 25% 
interstitial plagioclase, and <2% interstitial phlogopite. Plagioclase displays undulose extinction, 
pervasive fractures (typically <3 µm wide), and partial isotropization, where glass and crystalline 
materials both occur (Figs. 2.1C and 2.1D in Wang et al., 2018; Wang et al., Ch2). No sulfide is 
present. 
Wehrlite – Olivine clinopyroxenite inclusions (n = 17) occur in the Levack embayment (this 
study). They comprise variable proportions of olivine and clinopyroxene. Olivine occurs as 
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fluidal and/or sheared clusters containing olivine neoblasts with variable shapes (e.g., subrounded, 
subangular, angular, elongate) and sizes (0.1 – 1 mm). Some olivine neoblasts exhibit identical 
orientations, suggesting that they were originally part of larger single grains, but most have 
different optical orientations due to recrystallization. The mosaic nature is attributed to shock 
mosaicism and thermal recrystallization (Wang et al., 2018; Wang et al., Ch2). Clinopyroxene 
occurs as large polygonal clusters (2 – 5 mm) comprising fine-grained (0.1 – 0.2 mm) 
clinopyroxene neoblasts with 120° grain-boundary intersections (Fig. 3.3C). Several wehrlite 
inclusions contain coarse-grained primary orthopyroxene in sharp contact with recrystallized 
clinopyroxene. They generally display sharp contacts with the matrix, occasionally with chlorite 
and carbonate coatings. Rare cm-scale felsic clots and streaks and random wisps veins are present. 
Some samples contain 1 – 3% pyrrhotite and chalcopyrite, but most contain no sulfide minerals. 
Olivine melanorite inclusions (n = 42) occur in the Whistle embayment (Lightfoot et al., 1997a). 
They comprise 15 – 35% fine- to medium-grained (0.5 – 2 mm) cumulus orthopyroxene, 7 – 17% 
fine to medium-grained (0.5 – 1.5 mm) clinopyroxene, 9 – 19% rounded to subrounded fine-
grained (0.1 – 0.5 mm) olivine chadacrysts, 19 – 33% interstitial plagioclase, and 6 – 12% 
interstitial phlogopite (Farrell, 1997). These rocks show well-preserved orthocumulate, poikilitic, 
and interstitial textures. The contacts between these inclusions and ITSM are very indistinct, 
defined by a gradational (several mm to several cm) change from poikilitic texture (inclusion) to 
non-poikilitic texture (ITSM) and/or a change in grain sizes (Farrell, 1997). These inclusions 
contain blebby, patchy, and disseminated Fe-Ni-Cu sulfides (Farrell, 1997; Lightfoot et al., 
1997b; Scribbins, 1978), and occasionally chalcopyrite-rich stringers that are associated with 2 – 
4 mm grains of biotite and amphibole.  
 
 
47 
 
Shocked olivine melanorite inclusions (n = 2) occur in the Foy offset dike (this study). They 
comprise 15 – 25% olivine, 50 – 70% orthopyroxene, and 15 – 30% plagioclase, and are 
characterized by strong shock metamorphic textures (i.e., shock mosaicism in olivine and planar 
deformation features in orthopyroxene) and recrystallization in plagioclase. Sample #373555 
contains coarse (1 – 2 mm) elliptical aggregates of olivine that exhibit smooth margins against 
the surrounding recrystallized plagioclase groundmass (figs. 2.1A and 2.1B in Wang et al., Ch2). 
There is no preferred orientation of the recrystallized olivine subgrains or evidence of boundary 
migration of the olivine aggregates. Olivine aggregates comprise abundant olivine subgrains that 
have widely variable sizes (10 – 200 μm) and many different irregular grain shapes. 
Orthopyroxene is characterized by pervasive, thin (1 – 2 μm wide, 3 – 5 μm spacing), parallel 
fractures that are partially decorated by aligned fluid inclusions (Wang et al., Ch2). Plagioclase 
occurs as recrystallized neoblasts and exhibits fluidal foliations. The inclusions display sharp 
contacts with ITSM, and occasionally have chlorite and carbonate coatings. They are barren of 
sulfide. 
Olivine melagabbronorite inclusions (n = 2) occur in the Levack embayment (Dowling and 
Onaping Depth) on the North Range (this study). They comprise 40 – 65% ortho- and 
clinopyroxene, 10 – 25% olivine chadacrysts, 15 – 30% interstitial plagioclase, and 5 – 7% 
interstitial phlogopite (Fig. 3.3D). They are characterized by orthocumulate, poikilitic, and 
interstitial textures. Pyroxenes in the Onaping Depth inclusion occur as two forms: i) sub-
euhedral 1 – 3 mm cumulus grains, and ii) euhedral fine-grained (0.2 – 0.5 mm) chadacrysts 
enclosed by plagioclase and phlogopite, while pyroxenes in the Dowling inclusion occur as 
coarse-grained (2 – 4 mm) cumulus grains. Olivines in both inclusions occur as chadacrysts (0.3 
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– 0.5 mm) enclosed by plagioclase and/or phlogopite. The Onaping Depth inclusion contains 1 – 
3% disseminated sulfides, whereas the Dowling inclusion contains no sulfides.  
One composite feldspar lherzolite - olivine gabbro inclusion occurs in the Trill embayment 
(this study). The feldspar lherzolite portion of this inclusion is similar to the above feldspar 
lherzolite in the same embayment. The olivine gabbro portion of this inclusion comprises 60 – 70% 
euhedral plagioclase laths, 10 – 18% anhedral – subhedral olivine, 10 – 15% anhedral 
clinopyroxene, and < 3% biotite. It has a trachytic texture (Fig. 3.3E), where euhedral tabular 
plagioclase displays a flow foliation, and anhedral olivine and clinopyroxene are interstitial to 
and/or enclose plagioclase. The contact between the two lithologies is planar and sharp with no 
disequilibrium reaction textures (Fig. 3.3F). 
3.4.3 Mafic-Ultramafic Bodies in the Footwall 
The numerous Nipissing and East Bull Lake Intrusive (EBLI) suite intrusions that have intruded 
Archean Superior and Huronian Southern Province rocks are well characterized (e.g., Jambor, 
1971; Peck et al., 1995; Lightfoot and Naldrett, 1996; Vogel et al., 1998, 1999; James et al., 2002, 
Prevec and Baadsgaard, 2005), but contain only minor olivine-bearing lithologies. The numerous 
small to large boudins and layers of mafic-ultramafic rocks in the Levack Gneiss contain more 
olivine (e.g., Coats and Snadjr, 1984; Moore et al., 1993, 1994, 1995), but are less well described.  
3.4.3.1 Boudins of olivine amphibole pyroxenite in Levack Gneiss 
Olivine-bearing amphibole pyroxenites (n = 9) occur in the country rocks of the Levack 
embayment (this study). The freshest sample (#373577) comprises 45 – 50% fine-grained (0.3 – 
0.5 mm) cumulus orthopyroxene, 45 – 50% fine-grained (0.3 – 0.5 mm) green amphibole, and 10 
– 15% interstitial olivine.  
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3.4.3.2 Amy Lake ultramafic body 
Wallbridge Mining has described a Ni-(Cu-PGE) mineralized ultramafic body within the Levack 
Gneiss Complex on the East Range of the Sudbury Structure ~1 km from the basal contact of the 
SIC near Amy Lake. The body is 800m long and 100m wide and is composed of variably altered 
and recrystallized olivine-amphibole pyroxenite with varying amounts of olivine, ortho- and 
clinopyroxene, and brown amphibole. MgO contents range from 12% to 25%, Ni from 200 to 
600 ppm, and Cr from 300 to 725 ppm. Some of the preserved fresh olivine appears to exhibit 
mosaic texture.  
3.4.3.3 Joe Lake (Wisner Township) intrusion and Podolsky Grey Gabbro 
The Joe Lake intrusion in Wisner Township on the North Range had long been interpreted to be a 
member of the EBLI suite, but Bleeker et al. (2013) obtained a 2757 ± 9 Ma single-zircon TIMS 
age, indicating that it is Archean and therefore a component of the Levack Gneiss Complex. A 
similar body exposed in the Podolsky Mine in the Whistle offset was dated at ~2714 Ma by 
MacInnis (2019). Both are composed of medium- to coarse-grained equigranular gabbro 
containing ~55% altered pyroxene, ~45% plagioclase, and minor amounts of orthopyroxene, 
hornblende, biotite, ilmenite, zircon, apatite, and quartz (MacInnis, 2019). No olivine has been 
reported. 
3.4.3.4 Layered mafic-ultramafic body in the footwall of the Levack and Fraser 
Mines 
The 1 km-long layered mafic-ultramafic body in the footwall of Levack and Fraser Mine is up to 
140 m thick (Coats and Snadjr, 1984). It is composed of fine- to medium-grained and 
rhythmically-layered dunite, peridotite, orthopyroxenite, clinopyroxenite, and websterite (Coats 
and Snadjr, 1984; Moore et al., 1993, 1994, 1995). U-Pb TIMS dating of zircons yielded a 
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discordant array with an upper intercept age of ~2640 Ma and a lower intercept age of ~1860 Ma 
(M. Moore et al., unpubl. data). 
3.4.3.5 Olivine gabbronorite zone in the EBLI Suite 
Intrusions of the East Bull Lake Intrusive suite, including the well-studied East Bull Lake (2480 
Ma: Krogh et al., 1984), Agnew Lake (2491 Ma: Krogh et al., 1984), and River Valley (2475 Ma: 
Easton and Hrominchuk, 1999) intrusions, typically contain olivine gabbronorite zones and 
inclusion-bearing zones with rare pyroxenite and peridotite autoliths/anteliths. The East Bull 
Lake intrusion contains a 50-70 m thick Olivine Gabbronorite Zone at the base of the Upper 
Series (James et al., 2002). In this zone, variations in olivine and plagioclase generate 
rhythmically layering of olivine gabbronorites, gabbronorites, and leucogabbronorites, containing 
up to 25% olivine. Olivine is weakly zoned from Fo65 – 59 to Fo72 – 65 (Peck et al., 1995; Vogel et 
al., 1998). Unaltered pyroxene primocrysts in the Olivine Gabbronorite Zone are hypersthene 
(En70Fs26Wo4 – En67Fs29Wo4), whereas interstitial pyroxene is augite (En43Fs14Wo43 – 
En41Fs15Wo44: Vogel et al., 1998). The Agnew Lake intrusion is a 200-300-m-wide composite 
body with a strike length of approximately 10 km. It contains an Olivine Gabbronorite Zone with 
plagioclase (An78 – 56) – olivine (Fo76 – 72) – orthopyroxene (En76 – 56) primocrysts above the 
Marginal Zone. The River Valley intrusion contains an Olivine Gabbronorite Zone that is 
normally 50 to 150 m thick, with olivine (Fo72-76) – orthopyroxene (En70-76) – plagioclase (An72-
76), and clinopyroxene as interstitial anhedral crystals. 
3.4.3.6 Olivine gabbronorites in Nipissing Suite Intrusions 
The 2.21 Ga (Corfu and Andrews, 1986; Noble and Lightfoot, 1992) Nipissing diabase suite 
extends in an arcuate area from Sault Saint Marie in the west, through the Sudbury Structure, and 
northeastwards to the Cobalt-Gowganda area. It intrudes and is regionally coextensive with 
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supracrustal rocks of the 2.45 – 2.2 Ga Paleoproterozoic Southern Province, and also intrudes 
underlying granitoid and supracrustal lithologies of the Archean Superior Province. Most of the 
intrusions consist of undifferentiated quartz diabase, but some are more differentiated, varying 
upwards from quartz diabase through hypersthene diabase, vari-textured diabase, and 
granophyric diabase to aplite (Lightfoot et al., 1993). Several intrusions in the Cobalt-Gowganda 
area contain trace to 4% olivine with compositions between Fo60-69 (Conrod, 1989; Lightfoot et 
al., 1993). Olivine appears to be restricted to intrusions in the Cobalt-Gowganda area and has not 
been reported in intrusions within the area of the Sudbury impact structure. It is therefore 
unlikely that these rocks could contribute to the particular suite of mafic-ultramafic inclusions 
which are the subject of this paper, but a suite of two-pyroxene gabbronorites with textural 
similarities to Nipissing diabase are a common component of the inclusion suite within South 
Range Sublayer. 
3.4.3.7 South Range Sudbury Gabbro 
A spatially restricted subfacies of the Nipissing intrusive suite, locally known as Sudbury Gabbro, 
occurs south of the SIC. It comprises dominantly melagabbronorites and feldspathic pyroxenites, 
the most mafic parts of which average 16% MgO. Olivine has not been identified as a component 
of these rocks. Hanbury (1982) and Farrow & Lightfoot (2002) compared the compositions of 
Sudbury Gabbro with olivine-absent mafic inclusions in contact Sublayer at several locations 
along the South Range (Hanbury, 1982) and inclusions hosted by IQD at the Totten mine in the 
Worthington Offset (Farrow & Lightfoot, 2002). Lithochemical and textural similarities led both 
to conclude that these inclusions are derived from bodies of Sudbury Gabbro.  
 
 
52 
 
3.5 Mineral Chemistry 
3.5.1 Olivine 
Olivine compositions are shown in Figure 3.4, summarized in Table 3.2, and given in detail in 
Table S3.1.  
Olivines in South Range inclusions, mainly harzburgites and orthopyroxenites, range from Fo85 
to Fo73 (Scribbins et al., 1984), whereas olivines in North Range inclusions range from Fo86 to 
Fo68. Olivines in all inclusions are slightly to highly enriched in Ni and slightly depleted in Mn 
(except for one group of Mn-enriched wehrlitic olivines) compared to the modelled compositions 
of olivine crystallized from peridotite-derived melts, and they vary widely in composition from 
locality to locality, lithology to lithology, and sample to sample.  
Olivines in feldspar lherzolite inclusions exhibit broad correlations between Ni-Mn and Fo 
contents, especially those in the composite inclusion containing layered feldspar lherzolite and 
olivine gabbro that exhibit a positive correlation between Ni and Fo content and a negative 
correlation between Mn and Fo content. Olivines in shocked feldspar lherzolite inclusions are 
strongly enriched in Ni compared to those in unshocked counterparts with similar Fo contents. 
Olivines in phlogopite lherzolite inclusions exhibit slightly higher Ni and Mn within similar 
range of Fo content compared to feldspar lherzolitic olivines. Olivines in the majority of wehrlite 
inclusions overlap with the trend of olivines in feldspar lherzolite inclusions, except for some Ni-
enriched olivines and some Ni-depleted olivines. Wehrlite inclusions containing higher 
abundances of olivine tend to have more Ni-enriched olivine. Notably, wehrlitic olivines have 
variable Mn contents within a very narrow range of Fo contents. Olivines in igneous-textured 
olivine melanorite inclusions have lower Fo but slightly higher Ni than the broad Ni trend 
generated by olivines in feldspar lherzolite inclusions, and are also characterized by negative 
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correlations between Ni and Fo content, and widely variable Mn. However, olivines in shocked 
olivine melanorite have higher Fo and Ni contents than igneous-textured counterparts. Olivines in 
olivine melagabbronorite inclusions in the Levack embayment (Onaping Depth and Dowling) are 
moderately to highly enriched in Ni relative to the majority of peridotitic inclusions, and they 
also exhibit negative correlations between Ni and Fo contents.  
Olivines in olivine amphibole pyroxenites in the country rocks of the Levack embayment have 
slightly higher Fo and significantly higher Ni contents than the majority of the olivines in all 
inclusions. Olivines in the layered mafic-ultramafic body in the footwall of the Levack and Fraser 
deposits have widely variable Ni-Mn and Fo contents, overlapping with most olivines in the 
Sublayer/IQD inclusions, and they also have extremely high Mn contents over a restricted range 
of Fo that are similar to some wehrlitic olivines. Olivines in EBLI olivine leucogabbronorites and 
gabbronorites overlap the compositions of igneous-textured olivine melanorite inclusions.  
3.5.2 Orthopyroxene  
Orthopyroxene compositions are shown in Figures 3.5 and 3.6, summarized in Table 3.3, and 
given in detail in Table S3.2.  
Orthopyroxenes in ITSM are hypersthenes characterized by decreasing Al and Cr, and relatively 
constant Ca and Ti with decreasing Mg#. Orthopyroxenes in orthopyroxenite reaction rims 
between feldspar lherzolites and ITSM are also hypersthenes, and display similar chemical 
variations within a wider range of Mg#, except Ti increases in the range of Mg# value between 
82 and 76, and is roughly constant at lower Mg#.  
Orthopyroxenes in feldspar lherzolite (including the layered composite inclusion), phlogopite 
lherzolite, and wehrlite inclusions are bronzites – hypersthenes with wide ranges of Al-Ca-Ti-Cr 
contents over a similar narrow range of Mg#. Orthopyroxenes in unshocked olivine melanorite 
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and olivine gabbronorite inclusions are also bronzites – hypersthenes, but they have lower Mg# 
than those in peridotite inclusions, and have significantly lower Al-Cr contents than those in 
orthopyroxenite inclusions with similar Mg#. Orthopyroxenes in shocked feldspar lherzolite are 
also bronzites – hypersthenes, and have similar composition to the unshocked counterparts except 
for significant Ti enrichment. In contrast, orthopyroxenes in shocked olivine melanorite 
inclusions are bronzites characterized by higher Mg# and significantly higher Cr than unshocked 
equivalents.  
3.5.3 Clinopyroxene 
Clinopyroxene compositions are shown in Figures 3.5 and 3.7, summarized in Table 3.4, and 
given in detail in Table S3.3.  
Clinopyroxenes in ITSM are augites with significantly lower Mg# and Cr than those in mafic-
ultramafic inclusions. Clinopyroxenes in orthopyroxenite reaction rim between feldspar 
lherzolites and ITSM are also augites and range from high Mg# and Cr (close to clinopyroxenes 
in feldspar lherzolites) to low Mg# and Cr (close to clinopyroxenes in ITSM). 
Clinopyroxenes in phlogopite lherzolite, feldspar lherzolite, and wehrlite inclusions are diopsides 
– endiopsides, in which Al increases with decreasing Mg#, but Cr contents are widely variable. 
Clinopyroxenes in unshocked olivine melanorite and olivine gabbronorite inclusions have lower 
Mg# than those in the majority of peridotites. In contrast, clinopyroxenes in shocked olivine 
melanorite inclusions have higher Mg# and Cr contents than unshocked counterparts. 
Clinopyroxenes in all of the rocks plot outside of the high-pressure field, indicating that they 
equilibrated at low-moderate pressures. 
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3.5.4 Chromite 
Chromite compositions are shown in Figure 3.8 and given in detail in Table S3.4. All chromite 
grains are unzoned. 
Three different trends/clusters are evident: (1) a Fe-Ti trend, including chromites in the majority 
of igneous-textured feldspar lherzolite and olivine melanorite, wehrlite – olivine clinopyroxenite, 
and olivine melagabbronorite inclusions; (2) a Cr-Al trend, including chromites in a few 
individual samples #373576 (phlogopite lherzolite), #372980 (feldspar lherzolite), and #373555 
(shocked olivine melanorite); (3) a high-Cr cluster with distinctive Fe3+-depletion, consisting of 
chromites in harzburgite and olivine orthopyroxenite inclusions on the South Range (Fig. 3.8A).  
Chromites in the Fe-Ti trend are euhedral grains characterized by increasing Fe3# (atomic Fe3+/ 
(Fe3++Cr+Al)) and Fe2# (atomic Fe2+/(Mg+Fe2+)) at relatively constant Cr# (atomic Cr/(Cr+Al)) 
(Figs. 3.8B and 3.8C). The Fe-Ti trend is attributed to variations in the degree of fractional 
crystallization of olivine or pyroxene from the host magma (Barnes & Roeder, 2001). Chromites 
in feldspar lherzolite inclusions in the Trill embayment and wehrlite inclusions in the Levack 
embayment have much lower Ti contents than chromites in feldspar lherzolite inclusions in the 
Levack embayment and unshocked olivine melanorite inclusions in the Whistle embayment (Fig. 
3.8D).  
Chromites in the Cr-Al trend form rod-like intergrowths with plagioclase and are characterized 
by widely variable Cr# at low Fe2#, and sharply increasing Ti within a narrow range of Fe3# 
(Figs. 3.8B and 3.8D). Contacts between chromite and plagioclase matrix are sometimes curved, 
sometimes fairly straight, and sometimes square angled, probably representing relict grain 
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boundaries. The formation of this texture may involve remelting and remobilization of cumulus 
chromite.  
Chromites in the high Cr cluster are characterized by intermediate Cr# and Fe2#, and distinctly 
low Fe3# and Fe3+ contents (Figs. 3.8B, 3.8D; Fig. 3.9B). Aluminum decreases with increasing 
Cr in these chromites, whereas Al increases with increasing Cr in other North Range chromites 
(Fig. 3.9A). 
3.5.5 Amphibole 
Oikocrystic brown amphiboles in feldspathic lherzolite inclusions poikilitically enclose cumulus 
olivine chadacrysts. The compositions of brown amphibole in Sublayer inclusions are compared 
with amphiboles in the SIC and country rocks in Figure 3.10, summarized in Table 3.5, and given 
in detail in Table S3.5, including green and brown amphiboles in the Main Mass norite at Garson 
Mine (Mukwakwami et al., 2012), green amphiboles in metagabbro country rocks at Garson 
Mine (Mukwakwami et al., 2012), green cumulus amphiboles in olivine amphibole pyroxenite 
inclusions in the footwall at Levack Mine (this study), and brown amphiboles in the layered 
mafic and ultramafic body in the footwall at the Levack and Fraser deposits (M. Moore, unpubl. 
data). 
Brown amphiboles in feldspar lherzolite inclusions in the Levack embayment have relatively 
high Mg# and Cr-Al-Ti contents and fall in the magmatic amphibole field. Titanium content in 
amphibole increases with increasing temperature (e.g., Raase, 1974; Fleet and Bernett, 1978), 
indicating that the brown amphibole in feldspar lherzolite inclusions crystallized at relatively 
high temperatures (~900°C: Ernst and Liu, 1998).  
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Brown amphiboles in the layered mafic-ultramafic intrusion in the footwall at the Levack and 
Fraser deposits vary widely in composition: some overlap with brown amphibole in feldspar 
lherzolite inclusions; some have lower Mg# and Cr-Al-Ti contents. Green and brown amphiboles 
in Main Mass norite have lower Mg# and Cr contents than brown amphiboles in feldspar 
lherzolite inclusions, but brown amphiboles fall in the magmatic field and have obviously higher 
temperature (700 – 750°C: Ernst and Liu, 1998), whereas green amphiboles fall in the low-
pressure metamorphic field and have lower temperature (~ 600°C: Ernst and Liu, 1998). 
Similarly, green amphibole in metagabbros in the country rocks fall in the low-pressure 
metamorphic field and have very low Mg#, Cr-Al-Ti contents, and low temperature (~ 600°C: 
Ernst and Liu, 1998). Green amphibole in olivine amphibole pyroxenite in the footwall at Levack 
and Fraser deposits is distinguished from other green amphiboles by falling in the magmatic field, 
relatively high Mg# and Al contents, but widely variable Cr-Ti contents and wide range of 
temperature (700 – 800°C: Ernst and Liu, 1998).  
A few brown amphiboles in the layered mafic-ultramafic intrusion in the footwall at Levack 
Mine are similar to the brown amphibole in feldspar lherzolite inclusions in the Levack 
embayment. 
3.6 Whole-Rock Geochemistry 
3.6.1 Major and Minor Element Geochemistry 
The whole-rock geochemical data for ITSM, mafic-ultramafic inclusions, and comparative mafic-
ultramafic bodies in the surrounding country rocks are plotted in Figure 3.11 and shown in Table 
S3.6, together with the compositions of major mineral phases above.  
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ITSM is relatively constant within individual embayments, but varies from embayment to 
embayment (Lightfoot, 1997a). It ranges between 4 and 17% MgO with the more Mg-rich 
samples representing an orthopyroxene-porphyritic phase at Creighton (Lightfoot et al., 1997a). 
Iron generally increases and Al-Na-(Ti) generally decrease with increasing Mg. Calcium exhibits 
two intersecting/overlapping trends: one in which Ca increases with increasing Mg (North and 
South Ranges) and one in which Ca decreases with increasing Mg (North Range only). These 
trends suggest that ITSM has accumulated orthopyroxene (North Range and Creighton) and/or 
clinopyroxene (North and South Ranges).  
Harzburgite inclusions contain 38–26% MgO and display negative correlations between Ca-Al 
and Mg and no correlations between Fe-Ti and Mg. Phlogopite lherzolite inclusions contain 29–
28% MgO, and have significantly higher P-K (not shown) and slightly higher Ca relative to 
harzburgites at similar Mg contents. Feldspar lherzolites and orthopyroxenite inclusions contain 
32–23% MgO, with no well-defined correlations between all elements and Mg. They have 
slightly higher Ca and lower Al than harzburgites possibly due to the lower proportion of 
orthopyroxene. Wehrlites – olivine clinopyroxenite inclusions contain 32–23% MgO, with well-
defined arrays between the average compositions of olivine and clinopyroxene within these 
inclusions. Several orthopyroxene-rich rocks with lower Mg contents appear to deviate away 
from the olivine-clinopyroxene defined arrays with lower Ca but higher Fe-Al-Ti. Olivine 
melanorite (except for shocked olivine melanorites) and olivine melagabbronorite inclusions 
contain 28–15% MgO and wide range of Fe-Ca-P contents. They have low Al-Na when MgO > 
21%, reflecting the absence of plagioclase, whereas they have higher Al-Na when MgO < 21%, 
reflecting the presence of plagioclase. Titanium decreases with increasing Mg, suggesting olivine 
and/or orthopyroxene accumulation in these rocks. Two shocked olivine melanorite inclusions 
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have higher MgO (30% and 25%) and significantly lower Ti-P contents than the majority of 
unshocked olivine melanorite inclusions.  
Olivine amphibole pyroxenites in the footwall rocks at Levack have widely variable 
compositions and are obviously different from the mafic-ultramafic inclusions. The layered 
mafic-ultramafic body in the footwall at Levack-Fraser Mine exhibits two clusters: one with 
approximately 33–24% MgO and one with approximately 21–15% MgO. Iron broadly increases 
and Ca-Na-Al (possibly two trends in Al) broadly decrease with increasing Mg, and they both 
vary widely in terms of Ti-P concentrations. Olivine leucogabbronorites and gabbronorites within 
the EBLI Suite contain 20– 13% MgO with Fe increasing, Ca-Al-Na decreasing, and Ti-P staying 
constant with increasing Mg. 
The mafic rocks in the country rocks, including the EBLI suite (Prevec, 1993; Peck et al., 1995; 
Vogel et al., 1999; James et al., 2002; Prevec et al., 2005), Nipissing suite (Buchan et al., 1988; 
Lightfoot and Naldrett, 1996; James et al., 2002), and Huronian Supergroup mafic volcanic rocks 
(Ketchum et al., 2013) are plotted for reference. They have broadly overlapping to slightly lower 
Mg, higher Ca-Al, and lower Ti-P contents than ITSM.  
3.6.2 Trace Element Geochemistry 
Trace element geochemical characteristics of ITSM, mafic-ultramafic inclusions in Sublayer and 
IQD, and mafic-ultramafic intrusions in the country rocks are shown in Figures 3.12 to 3.15, and 
relevant ratios for all rock units are summarized in Table 3.6 and shown in detail in Table S3.1. 
The mafic-ultramafic inclusions can be divided into three groups on the basis of trace element 
geochemical characteristics (Table 3.6). Key trace element geochemical characteristics of ITSM 
and inclusions are described below.  
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All ITSM samples are significantly enriched in highly incompatible lithophile elements (HILE: 
Cs-Rb-Ba-Pb-LREE) relative to moderate incompatible lithophile elements (MILE: MREE-Zr-
Hf-HREE) with pronounced negative Nb-Ta-(Ti) anomalies, minor negative Zr-Hf anomalies, 
and a wide range of Th-U and Sr concentrations (Fig. 3.12). They exhibit widely fractionated 
REE, especially LREE (Fig. 3.13), variable Zr/Y ratios, broadly constant Nb/U that are 
approximate to the values of continental crust (Fig. 3.14), and slightly subchondritic Nb/Ta ratios 
(Fig. 3.15). The Zr/Nb and Zr/Hf ratios of ITSM on the North Range are slightly higher than 
those on the South Range (Fig. 3.15). 
Group I olivine-bearing mafic-ultramafic inclusions include igneous-textured olivine melanorites 
and olivine melagabbronorites in the Whistle and Levack (Onaping Depth and Dowling) 
embayments. Compared to ITSM they are similarly enriched in HILE relative to MILE and 
exhibit pronounced negative Nb-Ta-(Ti) anomalies, a similar range of Th-U but a wider range of 
Sr concentrations (Fig. 3.12), and similar Zr/Y, Zr/Nb, and Nb/U ratios (Fig. 3.14), but exhibit a 
wider range of fractionated REE (Fig. 3.13).  
Group IIA comprises wehrlite to olivine clinopyroxenite inclusions with shock metamorphosed 
and recrystallized textures in the Levack embayment. Compared to ITSM they have more 
pronounced negative Th-U and Zr-Hf anomalies, more variable negative Nb-Ta-(Ti) and Sr 
anomalies, and smaller negative Al anomalies (Fig. 3.12). They exhibit distinctively lower LREE 
contents and La/YbN but higher Gd/YbN (Fig. 3.13), lower Zr/Y ratios, more variable Zr/Nb and 
Nb/U ratios (Fig. 3.14), and more variable subchondritic Zr/Hf ratios and superchondritic Nb/Ta 
ratios (Fig. 3.15).  
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Group IIB comprises shock metamorphosed olivine melanorite inclusions in the Foy offset dike. 
Compared to ITSM they have much lower abundances of trace elements, insignificant HILE 
enrichment, moderate Nb-Ta depletion, no Th-U, Zr-Hf, or Ti anomalies (Fig. 3.12), and much 
less REE fractionation (Fig. 3.13). They have similar Zr/Y and Zr/Nb ratios to Group IIA 
inclusions, and appear to follow the positive trend defined by Group IIA inclusions (Fig. 3.14).  
Group III comprises phlogopite/feldspar lherzolite, orthopyroxenite, and olivine gabbro 
inclusions in the Trill, Levack, Bowell embayments and Foy offset dike on the North Range. 
Compared to ITSM phlogopite lherzolite inclusions are similarly enriched in HILE relative to 
MILE with pronounced negative Nb-Ta-(Ti) anomalies and minor negative Zr-Hf anomalies, but 
exhibit distinctively less absolute trace element abundances, more negative Sr anomalies (Fig. 
3.12), and significantly lower Nb/U ratios (Fig. 3.14). Compared to ITSM feldspar lherzolite and 
orthopyroxenite inclusions are similarly enriched in HILE relative to MILE with negative Nb-Ta-
(Ti) anomalies, and minor negative Zr-Hf and Sr anomalies, but in lower absolute abundances 
(Fig. 3.12), and they exhibit significantly lower Nb/U ratios (Fig. 3.14). The shocked feldspar 
lherzolite inclusions are distinguished from ITSM and other feldspar lherzolites by insignificant 
HREE fractionation (Fig. 3.13).  
Olivine amphibole pyroxenite in the footwall at Levack embayment is enriched in Cs-Pb-U-K, 
slightly depleted in Sr, and uniformly depleted in most other HILE-MILE elements with small 
positive Zr-Hf anomalies (Fig. 3.12). The overall trace element features of olivine amphibole 
pyroxenite appear to be different from all of the mafic-ultramafic inclusions. 
The layered peridotite-pyroxenite body in the footwall at Levack and Fraser mines is 
characterized by slight enrichment of HILE relative to MILE with pronounced negative Nb-Ta-Ti 
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and Sr-Al anomalies, and moderately negative Th-U-Zr-Hf anomalies (Fig. 3.12). It exhibits 
comparable Zr/Y and Zr/Nb ratios as Group III inclusions, and widely variable Nb/U ratios, 
overlapping with Group II inclusions (Fig. 3.14).  
Olivine leucogabbronorites and gabbronorites in EBLI have low absolute concentrations of most 
trace elements, particularly LREE-MREE. They display insignificant Nb-Ta-Ti depletion relative 
to other incompatible elements and minor positive Sr-Al anomalies (Fig. 3.12), similar Zr/Y and 
Zr/Nb ratios to but lower Nb/U ratios than ITSM on the South Range (Fig. 3.14). The overall 
trace element features of EBLI mafic suites appear to be different from all the mafic-ultramafic 
inclusions. 
3.7 Discussion 
Before discussing the petrogenesis and tectonic settings of the inclusion types and their 
relationships to the Ni-Cu-PGE mineralization, it is necessary to evaluate the influences of partial 
melt loss and/or SIC melt infiltration.  
3.7.1 Role of Partial Melt Loss 
Jørgensen (2017) and Jørgensen et al. (2018, 2019) have shown that metabasalts within the 
250m-thick two-pyroxene hornfels contact metamorphic zone on the South Range lost up to 65% 
of Cs-Rb-K-U-Th-LREE and Zr-Hf relative to Nb-Ta and MREE-Y-HREE. They attributed the 
changes to loss of 10-20% partial melt at temperatures approaching ~ 925°C at ~ 1–3 kbar.  
The inclusions in this study would have been subjected to similar pressures  and variably higher 
temperatures. Temperatures were ~ 1700oC immediately after impact (Ivanov and Deutsch, 1999) 
and ~ 1180oC immediately prior to crystallization of the Sublayer (estimated using MELTS) and 
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would have declined to ~ 1000oC over a period ~ 11,000 years (Prevec and Cawthorn, 2002). 
Exposure would have been longer for those incorporated earliest (exotic inclusions) and shorter 
for those incorporated latest (anteliths), but all would have been exposed to subliquidus 
temperatures for the same period of time. Although the major phases in the inclusions (olivine, 
orthopyroxene, clinopyroxene, plagioclase) might have been stable at the lower temperatures, 
they and late-crystallizing accessory phases would have been partially melted – most likely 
incongruently – at the higher temperatures. Extracted melts would end up in the Sublayer matrix 
and any residual melts would be preserved as veinlets in the inclusions. Although there is some 
evidence of these (see below), the mafic-ultramafic inclusions generally do not exhibit any 
textural or geochemical evidence of partial melting. This contrasts with widespread evidence of 
partial melting of inclusions derived from mafic and felsic footwall lithologies (e.g., Coats and 
Snadjr, 1984; Boast and Spray, 2006; Jørgensen, 2017; Jørgensen et al., 2018, 2019). 
Some of the inclusions (e.g., Group IIB olivine melanorites) are depleted in Cs-Rb-Th-U-LREE 
relative to MREE-Y-HREE, but remain depleted in Nb-Ta relative to other HILE and are not 
significantly depleted in Zr-Hf relative to other MILE. Although the original trace element 
contents are not well enough known to permit an unequivocal evaluation, these do not appear to 
be the signatures of melt loss.  
3.7.2 Role of Silicate Melt Infiltration 
The abundances of incompatible trace elements in mafic-ultramafic xenoliths may be modified 
by infiltration of host melts or diffusion across grain boundaries (e.g., Nielson-Pike and Noller, 
1987). Such metasomatism is commonly recognizable by the presence of replacement textures 
and/or secondary hydrous minerals (e.g., phlogopite and hornblende: Dawson, 1984; Franz and 
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Romer, 2010), dissolution of primary phases (e.g., pyroxenes and garnet: Griffin et al., 1999), 
and strongly contrasting compositions of veins (Franz and Romer, 2010). 
The great similarity in the trace element signatures of Group I olivine melanorite and olivine 
melagabbronorite inclusions, Group III phlogopite lherzolite inclusions, and ITSM (Fig. 3.12) 
raises the possibility that SIC melt infiltrated into these inclusions during incorporation into the 
Sublayer. However, Group I olivine melanorite and olivine melagabbronorite inclusions exhibit 
well-preserved poikilitic and interstitial textures with no evidence of replacement textures or 
veins of melt infiltration, and the abundant hydrous minerals are unambiguously primary. In 
contrast, Group III phlogopite lherzolite inclusions contain pyroxene replaced by hornblende, 
abundant phlogopite (both primary and secondary), and veins of contrasting composition, 
suggesting that these inclusions may have been modified by SIC melt infiltration.  
In order to evaluate the amount of infiltration and its contribution to the trace element signatures 
in modified Group III phlogopite lherzolite inclusions, we have performed least-squares mixing 
calculations using (1) the whole-rock composition of a representative modified inclusion 
(#373552), (2) mineral (olivine and orthopyroxene) compositions analyzed by LA-ICP-MS, (3) a 
calculated trapped liquid composition based on analyzed orthopyroxene compositions and 
published partition coefficients between orthopyroxene and coexisting melt (Table S3.7: Bédard, 
2007), and 4) the average composition of QD on North Range offset dikes (Lightfoot et al., 
1997a), which is regarded as a reasonable estimate of the original impact melt composition. The 
mass balance calculations were performed using the non-linear generalized reduced gradient 
least-squares multiple regression method implemented in the Solver optimization tool in 
Microsoft Excel version 2010. The calculated amount of infiltrated SIC melt in #373552 is ~21% 
(Table S3.7), suggesting significant SIC melt infiltration in phlogopite lherzolites. Initial 
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composition by removal of this melt fraction is characterized by lower La/YbN, Zr/Y, and Zr/Nb 
ratios, similar to unaltered, unmodified Group III feldspar lherzolite inclusions. 
3.7.3 Constraints from Olivine Compositions 
There are several possible explanations for elevated Ni concentrations of olivine in the inclusions: 
(1) derivation of the parental magma from a pyroxenitic source (e.g., Sobolev et al., 2005, 2007; 
Herzberg, 2011), (2) higher-than-normal 𝐷𝑁𝑁
𝑂𝑂/𝑚𝑚𝑂𝑚 (partition coefficient for Ni between olivine 
and silicate melt = NiOl/Nimelt) caused by elevated temperatures and pressures of melting of a 
peridotite source (e.g., Li and Ripley, 2010; Niu et al., 2011; Putirka et al., 2011; Matzen et al., 
2013), (3) Fe/Ni ratios modified by equilibration with sulfide (e.g., Clark and Naldrett, 1972; 
Fleet and McRae, 1983, 1987; Li and Naldrett, 1999; Brenan, 2003; Barnes et al., 2013), and/or 
(4) diffusion of Ni from sulfide into olivine. Each of these will be discussed below. 
3.7.3.1 Pyroxenitic source  
Olivine that crystallizes from magmas formed by melting mantle pyroxenite (or hybrids of 
pyroxenite and peridotite) are characteristically enriched in Si-Ni but depleted in Mg-Ca-Mn 
compared to olivines crystallizing from magmas formed by melting mantle peridotite (e.g., 
Sobolev et al., 2005, 2007).  
The compositions of olivines in feldspar lherzolite and phlogopite lherzolite inclusions overall do 
not show obvious enrichment in Ni or depletion in Mn, indicating that the role of pyroxenite-
derived melt, if any, is insignificant in the formation of these inclusions. The shallower slope of 
the correlation between Ni and Fo content in feldspar lherzolite, especially in the layered feldspar 
lherzolite – olivine gabbro inclusion, is attributed to the trapped liquid shift (Barnes et al., 1986). 
Olivines in shocked feldspar lherzolite inclusion and some layered mafic-ultramafic intrusion 
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rocks in the footwall of Levack-Fraser deposit are enriched in Ni compared to other olivine grains 
with similar Fo contents. These Ni-enriched olivines could crystallize from derivative liquids that 
mix with primary melts of a pyroxenitic source, as shown by the dash line in Figure 3.4 (Straub et 
al., 2008; Herzberg et al., 2016). Olivines in wehrlite inclusions have similar Ni concentrations to 
those in feldspar lherzolite inclusions and mysterious Mn enrichment, which can not be explained 
by contribution from a pyroxenitic melt. Differently, olivines in the igneous-textured olivine 
melanorite inclusions in the Whistle embayment have higher Ni content than olivines 
crystallizing from the primary melt from a peridotite source, and their Mn contents are widely 
varied between the olivine fractionation lines calculated from a peridotitic melt and a pyroxenitic 
melt. Similar Ni-enrichment and Mn-depletion can be seen in olivines in shocked olivine 
melanorite inclusions, although at higher Fo contents relative to the igneous-textured counterparts. 
The characteristic olivine composition in both igneous-textured and shocked olivine melanorite 
inclusions is strongly indicative that a pyroxenitic melt has contributed to the formation of the 
Ni-rich and Mn-poor olivines in the igneous-textured olivine melanorite inclusions. However, 
olivines in olivine melagabbronorite inclusions are characterized by extremely enriched Ni at low 
Fo content, which have surpassed the maximum Ni contents that olivines from a pyroxenitic melt 
can have at similar Fo contents. Thus, another mechanism is required to generate the high Ni 
olivines in these olivine melagabbronorite inclusions.  
3.7.3.2 Elevated partition coefficient for Ni 
The partition coefficient between olivine and silicate melt is defined as 
 
𝐷𝑁𝑁
𝑂𝑂/𝑚𝑚𝑂𝑚 =  𝑋𝑁𝑁𝑂𝑂/𝑋𝑁𝑁𝑚𝑚𝑂𝑚                                                                 [1] 
where 𝑋𝑁𝑁𝑂𝑂 is the atomic/mass fraction of Ni in olivine and 𝑋𝑁𝑁𝑚𝑚𝑂𝑚  is the atomic/mass fraction of Ni 
in the silicate melt. 
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𝐷𝑁𝑁
𝑂𝑂/𝑚𝑚𝑂𝑚 varies with liquid composition, temperature, and/or pressure (Leeman and Lindstrom, 
1978; Mysen and Kushiro, 1979; Li and Ripley, 2010; Putrika et al., 2011; Matzen et al., 2013). 
Herzberg (2011) calculated the Ni contents of olivine crystallizing from primary magmas with 20 
– 30% MgO that were derived from a peridotite source (see Fig. 3.16). The compositions of 
olivines in the harzburgite, feldspar lherzolite, phlogopite lherzolite, and wehrlite inclusions and 
many layered mafic-ultramafic intrusive rocks in the footwall of the Levack-Fraser deposits in 
this study are consistent with having crystallized from peridotite-derived melts with different Mg 
contents. However, olivines in the shocked feldspar lherzolite inclusions, some layered mafic-
ultramafic intrusive rocks in the footwall of Levack and Fraser deposits, and olivine-bearing 
amphibole orthopyroxenite in the footwall of Levack embayment have Ni contents that are up to 
0.15% higher than the maximum olivines expected to crystallize from primary peridotitic 
magmas, which might indicate a pyroxenite contribution (similar to olivines in Hawaii basalts: 
see e.g., Sobolev et al., 2005, 2007). Olivines in the olivine melagabbronorite inclusions have 
extremely high Ni contents at low Fo contents, indicating the operation of additional processes, 
such as interaction with sulfides (see Barnes et al., 2013).  
3.7.3.3 Sulfide-olivine Fe-Ni exchange model 
High-Ni olivines can also be generated by equilibration with sulfides (e.g., Clark and Naldrett, 
1972; Fleet and McRae, 1983, 1987; Li and Naldrett, 1999; Brenan, 2003; Barnes et al., 2013). 
The equilibrium between sulfide liquid and olivine is expressed in terms of the exchange 
coefficient for Fe and Ni (e.g., Boctor, 1982; Fleet and MacRae, 1983, 1987; Brenan and Caciagli, 
2000):  
𝐾𝐷 = (𝑋𝑁𝑁𝑁/𝑋𝐹𝑚𝑁)𝑁𝑆𝑂/(𝑋𝑁𝑁𝑁𝑁0.5𝑂2/𝑋𝐹𝑚𝑁𝑁0.5𝑂2)𝑂𝑂                                 [2] 
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Brenan (2003) experimentally measured the equilibrium exchange of Fe and Ni between 
coexisting olivine and sulfide liquid at controlled temperature, oxygen and sulfide fugacities as 
shown in Figure 3.17, and showed that there is a positive dependence between KD and Ni content 
in the sulfide liquid. The range of NiO (0.08 – 0.51%) observed in the mafic-ultramafic 
inclusions can be produced by equilibrium exchange of Fe and Ni at sulfide liquids with Ni 
contents of approximately 5 – 10%, consistent with the average composition of sulfide liquid in 
the SIC (~5 wt% Ni100 and ~5 wt% Cu100: Keays and Lightfoot, 2004). Furthermore, Ni-
upgrading via sulfide-olivine exchange causes Ni content to increase with increasing Fe but 
decrease with increasing Mg (Fleet et al., 1981, 1987; Barnes and Naldrett, 1985; Li and Naldrett, 
1999). Olivines in olivine melanorite inclusions in the Whistle and olivine melagabbronorite 
inclusions in the Onaping Depth and Dowling exhibit mild negative correlation between Ni and 
Fo contents. As a result, sulfide-olivine Fe-Ni exchange can adequately explain Ni-enriched 
olivines in olivine melanorite inclusions in the Whistle and olivine melagabbronorite inclusions 
in the Onaping Depth and Dowling.  
3.7.3.4 Diffusion of Ni from sulfide into olivine 
Diffusion of Ni from sulfide liquid into olivine could contribute to the enrichment of Ni in the 
mafic-ultramafic inclusions. We have estimated the amount of time required to diffuse Ni from a 
sulfide liquid into the core of olivine grains ranging between 0.1 mm to 2 mm in diameter. We 
use a modified one-dimensional (1-D) analytical solution to Fick’s second law of diffusion 
(equation 2.45 in Crank, 1975) to allow for the diffusion of Ni into an olivine containing 1000 
ppm Ni from an impact melt containing 60 ppm Ni and a sulfide liquid containing 5% Ni100:  
𝐶𝑥−𝐶𝑜𝑜
𝐶𝑖𝑖𝑖𝑖𝑖𝑖−𝐶𝑜𝑜
= 𝑒𝑒𝑒𝑒 𝑥
2√𝐷𝑚
                                                              [3] 
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Where 𝐶𝑥 is the concentration of Ni in the olivine grain at distance x from the rim, 𝐶𝑜𝑂 is the 
initial concentration of Ni in the olivine, 𝐶𝑁𝑖𝑚𝑚𝑖𝑖 is the advectively maintained concentration in 
the silicate melt or sulfide liquid, and D is the diffusion constant, which has been experimentally 
investigated at 1 atmosphere and over a temperature range of 900 – 1445°C (Petry et al., 2004). A 
least-squares regression of all experimental data defines a good correlation between log DNi and 
10000/T, suggesting that we can safely extrapolate DNi to 1700°C. 
The results (Fig. 3.18) indicate that 0.1 – 2 mm olivine grains achieve uniformly lower Ni 
concentrations when immersed in silicate melt in 1011 to 1013 million years, which is much longer 
than the duration of cooling of the SIC to 1180oC (45,000 years: Prevec and Cawthorn, 2002) and 
achieve uniformly higher Ni concentrations when immersed in sulfide melt for 1011 to 1012 years 
(Fig. 3.18). The olivines in the mafic-ultramafic inclusions are unzoned and vary widely from 
locality to locality and individual to individual sample, suggesting that the olivines never 
equilibrated with the impact melt or sulfide melt.  
3.7.4 Petrogenesis of Mafic-Ultramafic Inclusions in the North Range 
3.7.4.1 Group I inclusions 
Group I olivine melanorites and olivine gabbronorites are petrographically similar to olivine 
gabbronorites and gabbronorites in the EBLI suite, which led Pattison (1979) and Lightfoot (2016) 
to suggest a local xenolithic origin. However, EBLI olivine gabbronorites and gabbronorites are 
geochemically quite different, exhibiting: (1) well-defined orthopyroxene accumulation trends 
with lower Mg# (Fig. 3.11), (2) insignificant Nb-Ta-Ti depletion (Fig. 3.12), (3) conspicuously 
lower La/YbN and Gd/YbN ratios (Fig. 3.13), and (4) systematically lower Zr/Y, Zr/Nb, and Nb/U 
ratios (Fig. 3.14), which negate the possibility of them being derived from EBLI-related sources. 
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In contrast to the sharp contacts or reaction zones between the other inclusions and ITSM, some 
of the contacts between Group I inclusions in the Whistle embayment and ITSM are gradational 
in terms of grain size, texture, and/or composition (Farrell, 1997; Lightfoot et al., 1997a). 
Gradational contacts could indicate cognate origin for Group I inclusions or they could indicate 
resorption and partial assimilation. Based on their primary igneous textures and geochemical 
similarity to ITSM, Farrell (1997) and Lightfoot et al. (1997b) suggested that Group I inclusions 
are “cognate xenoliths” (referred to hereafter as anteliths). This study confirms that Group I 
inclusions and ITSM have very similar incompatible trace element patterns (Fig. 3.12) with 
indistinguishable Zr/Y, Zr/Nb, Nb/U, and Zr/Hf ratios (Figs. 3.14 and 3.15). They exhibit no 
evidence of replacement textures or veins of melt infiltration, and the abundant phlogopite and 
amphibole are unambiguously primary. Hence, infiltrating contamination by the hosting magma 
(as suggested below for some Group III inclusions) can be excluded as a mechanism to account 
for the trace element similarity between Group I inclusions and ITSM. The well-preserved 
igneous textures, geochemical similarities to ITSM, and gradational contacts with ITSM suggest 
that they are anteliths that crystallized from the impact melt at an early stage.  
Group I inclusions contain significant amounts of olivine (10 – 34%), whereas ITSM only 
rarely contains minor olivine (e.g., Whistle: Pattison, 1979), suggesting a contribution from 
(1) an early unspecified more primitive magma (e.g., Corfu and Lightfoot, 1996; Zhou et al., 
1997), (2) a mantle-derived magma (e.g., Lightfoot et al., 1997a, b; Farrell, 1997), and/or (3) 
an assimilated mafic crustal component (e.g., Prevec, 2000; Prevec et al., 2000). The 
slightly unradiogenic to radiogenic γOs1850 Ma values (-8 to 94: Cohen et al., 2000) of 
analyzed Group I inclusions in the Whistle embayment are compatible with derivation from 
subduction-related metasomatized mantle (Marques et al., 2003) or from older crustal rocks 
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with low Re/Os ratios and unradiogenic Os isotope compositions (see Cohen et al., 2000). 
However, their highly unradiogenic εNd1850 Ma values (-8 to -5: Prevec et al., 2000; Prevec 
and Baadsgaard, 2005) require derivation from older crustal rocks (Cohen et al., 2000).  
It seems most likely that the older mafic component in Group I inclusions was generated by 
melting Archean volcanic and intrusive rocks, such as those present in the footwall on the North 
Range, which have been considered to be derived from a subduction-metasomatized lithospheric 
mantle (Jolly, 1987; Jolly et al., 1992; Ketchum et al., 2013), facilitated by the high temperature 
of the SIC magma, and incorporated into an early marginal phase of the SIC (Prevec et al., 2000). 
Bowen (1922) and Kelemen & Hart (1996) have shown that assimilation of an ultramafic rock by 
a mafic melt with orthopyroxene on the liquidus would crystallize an olivine-bearing assemblage 
and that it would be more alkalic, explaining the high phlogopite content of Group I inclusions. 
The more-mafic melt component may also be preserved in North Range Mafic Norite, which 
occurs only in association with Sublayer (Naldrett, 2004; Lightfoot, 2016), and which contains 
significantly less radiogenic Pb than overlying Felsic Norite and Quartz Gabbro (McNamara et 
al., 2017). Thus, Group I inclusions and Mafic Norite both provide evidence of local 
thermomechanical erosion of footwall rocks in the ore-localizing embayments. Prevec (2000) 
suggested that the more-mafic melt was generated by post-impact melting of basaltic footwall 
rocks (as preserved on the South Range and inferred by McNamara et al. (2015) to have been 
present on the North Range) that mixed with the liquid that formed overlying Main Mass norite 
to form a hybrid that was saturated in olivine. It is not clear why the SIC was able to 
subsequently remelt the olivine melanoritic protolith of the anteliths, although Lesher et al. (2016) 
suggested that some of the geochemical reversals in the lower parts of the stratigraphy on the 
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South Range may reflect influxes from other parts of the multi-ring impact basin. These influxes 
may have resulted in remelting of the protolith of the anteliths. 
In summary, Group I inclusions appear to be anteliths that crystallized from a mixture of impact 
melt and melted mafic country rocks, and that were subsequently incorporated into Sublayer.  
3.7.4.2 Group II inclusions 
The presence of shock metamorphism in Group IIA inclusions precludes a cognate origin. They 
are petrographically, mineralogically, and geochemically very similar to a rhythmically layered 
peridotite-orthopyroxenite-clinopyroxenite-websterite body in the footwall of the Levack and 
Fraser deposits. They are characterized by (1) a very narrow range of Mg# (81 – 83, one sample 
with 78), suggesting that fractional crystallization played a minimal role, (2) arrays linking the 
average composition of olivine and clinopyroxene, suggesting that they are mainly controlled by 
variable degrees of accumulation of olivine and clinopyroxene, (3) extreme Mn enrichment in 
olivine, and 4) similar trace element signatures, including enrichment in HILE relative to MILE 
with pronounced negative Th-U, Nb-Ta-(Ti), Sr, and Zr-Hf anomalies, similar Zr/Hf ratios, and 
broadly increasing Nb/U with increasing Nb, to the layered mafic-ultramafic body. These 
features suggest a genetic affinity between Group IIA inclusions and the layered mafic-ultramafic 
body.  
However, there are several inconsistencies in the trace element signatures. For example, Group 
IIA inclusions have lower Zr contents and Zr/Y ratios, a wider range of Zr/Nb ratios (Fig. 3.14), 
variably lower Zr/Hf ratios, and distinctively higher Nb/Ta ratios (Fig. 3.15), compared to the 
layered mafic-ultramafic body. Zirconium is more incompatible than Y during partial melting 
(Pearce and Norry, 1979), indicating that Group IIA inclusions are derived from a more depleted 
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source. Niobium is only slightly more incompatible than Zr (Pearce and Norry, 1979), suggesting 
that the variations in Zr/Nb may reflect multiple genetically-unrelated intrusions (less likely 
because of the progressive mineralogical variations and consistency in geochemical compositions) 
or a single intrusion formed from a heterogeneous source(s) (more likely). Variable Zr/Hf ratios 
can be produced by fractional crystallization of clinopyroxene, as Hf is more compatible in 
clinopyroxene than Zr (DHfCpx/Melt = 0.20 – 0.25, DZrCpx/Melt = 0.10 – 0.14: Green, 1994), but 
Group IIA inclusions do not exhibit the expected negative correlation between Sc (index of 
clinopyroxene fractionation: David et al., 2000) and Zr/Hf (Fig. 3.19). For the same reason, 
variable Zr/Hf ratios can also be produced by variations in the degree of partial melting (David et 
al., 2000), but Group IIA inclusions do not exhibit the expected positive correlation between Zr 
(index of partial melting: Rollinson et al., 1993) and Zr/Hf. Hence, the highly variable Zr/Hf is 
most likely inherited from heterogeneous sources (see Fábio et al., 2002). Niobium and Ta have 
the same Nb/Ta ratio of 17.6 (± 2) in carbonaceous chondrites, MORB, and OIB (Jochum et al., 
1986). However, superchondritic Nb/Ta ratios are a common feature of subduction-related basalts 
(Stolz et al., 1996; Münker, 1998), as refractory sphene and rutile will fractionate Nb and Ta 
(DNb/DTa ~ 0.3 – 0.4 for sphene, 0.6 – 0.7 for rutile: Wolff, 1984). The wide variations in Zr/Y, 
Zr/Nb, and Zr/Hf could be attributed to source heterogeneity produced during metasomatism of 
mantle by the slab-derived fluids/melts (Ionov and Hofmann, 1995; Stolz et al., 1996).  
In summary, considering the local distribution of Group IIA, and closely spatial relationship and 
close similarities in the trace element signatures of Group IIA and the layered mafic-ultramafic 
intrusion in the footwall of Levack-Fraser Mine, Group IIA inclusions appear to be locally 
derived xenoliths that were sampled from a mafic-ultramafic intrusion petrogenetically-related to 
the above layered mafic-ultramafic intrusion. 
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Group IIB includes only two samples, and their petrogenesis is the least clear because of the 
strong shock and thermal metamorphism that have obscured most primary textures. The shock 
mosaicism of olivine and planar deformation features of orthopyroxene in sample 373555 imply 
a shock regime of 20 – 30 GPa and an exotic origin (Wang et al., 2018). As indicated, Group IIB 
inclusions are distinguished from their mineralogical equivalents in Group I by very distinctive 
trace element features, but they have overlapping Zr/Y, Zr/Nb, and Nb/U ratios and define a 
similar Ta/Yb vs Th/Yb trend (Fig. 3.23, as discussed below) as Group IIA inclusions. The 
complete recrystallization and incipiently melted morphology of plagioclase and chromite in 
Group IIB inclusions suggest that they have experienced intensive melting and recrystallization, 
and the very low trace element abundance in Group IIB may be due to loss of partial melt. 
However, as noted above, partial melting of inclusions should occur in the form of melting of the 
matrix and incongruent melting along grain boundaries, forming selvedges and veinlets. 
Although the plagioclase groundmass is highly recrystallized, olivine and orthopyroxene 
experienced no boundary migration or reaction, and there are no selvedges and veinlets with 
contrasting composition in the groundmass. As a result, given the similarities in trace element 
geochemistry with Group IIA inclusions, Group IIB are most likely also local xenoliths derived 
from a now-consumed or now-hidden source.  
3.7.4.3 Group III inclusions 
The orthopyroxenite selvedges between Group III inclusions and ITSM suggest that they are 
reaction products between the inclusions and ITSM. The reaction of olivine to orthopyroxene has 
been well documented in experiments (e.g., Hirschmann et al. 2006; Sobolev et al. 2006), and 
commonly occurs as narrow reaction zones between mantle peridotitic xenoliths and percolating 
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fluids in natural rocks (e.g., Liu et al. 2005; Porrera et al. 2006). This indicates that the feldspar 
lherzolites are out of equilibrium with ITSM.  
The well-preserved igneous textures (e.g., cumulus, poikilitic textures) and well-defined layering 
in the composite feldspar lherzolite – olivine gabbro inclusion imply that the Group III inclusions 
are derived from a layered mafic-ultramafic intrusion. The parental magma composition of Group 
III inclusions can be estimated by mass balance using the following equation, assuming that the 
whole-rock composition represents mixtures of cumulus minerals (olivine and orthopyroxene) 
and evolved interstitial melt (clinopyroxene, plagioclase, and accessory phases) in a closed 
system (e.g., Cawthorn et al., 1991; see also Godel et al., 2011): 
𝑋𝑁
𝑊𝑊 = 𝐹𝑂𝑂𝑥 ∗ 𝑋𝑁𝑂𝑂𝑥 + 𝐹𝑂𝑂 ∗ 𝑋𝑁𝑂𝑂 + 𝐹𝐿𝑁𝐿 ∗ 𝑋𝑁𝐿𝑁𝐿)                               [4] 
with 𝑋𝑁
𝑂𝑂𝑥 = 𝐷𝑂𝑂𝑥/𝐿𝑁𝐿  ∗ 𝑋𝑁𝐿𝑁𝐿  and 𝑋𝑁𝑂𝑂 = 𝐷𝑂𝑂/𝐿𝑁𝐿  ∗ 𝑋𝑁𝐿𝑁𝐿, where 𝑋𝑁𝑊𝑊 is the concentration of the 
element i in the whole rock, 𝐹𝑂𝑂𝑥 is the mass fraction of cumulus orthopyroxene prior to post-
cumulus overgrowth (assumed to be equal to the amount of clinopyroxene), 𝐹𝑂𝑂 and 𝐹𝐿𝑁𝐿 are the 
mass fractions of olivine and trapped liquid, 𝐷
𝑂𝑂𝑥
𝐿𝑖𝐿  and 𝐷
𝑂𝑜
𝐿𝑖𝐿 are the partition coefficients of the 
element i between the orthopyroxene or olivine and the liquid.  
Group III inclusions, except for shocked feldspar lherzolites, exhibit well-defined cumulate and 
interstitial textures and show no evidence of significant melt migration or significant interaction 
with Sublayer magma, so are amenable to this method. The parameters, including the whole rock 
composition and partition coefficients between olivine or orthopyroxene and the liquid (Bédard, 
2005, 2007) used in the calculation are summarized in Table 3.7. The estimated parental magma 
(Table 3.7) is enriched in HILE relative to MILE with pronounced negative Nb-Ta-Ti anomalies 
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and intermediate negative Zr-Hf anomalies (Fig. 3.20), similar to continental arc basalts and quite 
different (as expected) from ocean island basalts (OIB) or mid-ocean ridge basalts (MORB). The 
fractionations of La/Sm and Sm/Yb are sensitive indicators of the degree of partial melting 
because the incompatibility of REE during melting decreases from La to Yb (Willbold et al., 
2006). The [La/Sm]N ratio of the inferred parental magma (2.7) is lower but within the lower 
range of OIB (3.0 ± 0.3: Willbold et al., 2006), suggesting similar or somewhat higher degree of 
partial melting than OIB (3 – 5%: Hofmann and Feigenson, 1983; Ormerod et al., 1991). The 
[Sm/Yb]N ratios of partial melts produced by a range of different degrees of batch melting of 
garnet peridotite (Ol:Opx:Cpx:Grt = 55:25:15:5) and spinel peridotite (Ol:Opx:Cpx:Sp = 
55:25:15:5) have been calculated using the batch melting equation (Shaw, 1970): 
 𝐶𝐿
𝐶𝑜
=  1
𝐷𝑜 + 𝐹(1−𝐷𝑜)                                                                     [5] 
and the fractional melting equation (Shaw, 1970): 
 𝐶𝐿
𝐶𝑜
=  1
𝐷𝑜 ∗ (1 − 𝐹)( 1𝐷𝑜−1)                                                        [6] 
where F = weight fraction of melt produced, Co = original bulk rock composition, CL = final 
concentration in the liquid, and D = bulk distribution coefficient. The bulk partition coefficients 
between minerals and melts are from Salters and Stracke (2004). The calculated results at 
variable degrees of batch melting and fractional melting is shown in Table 3.8, which 
demonstrate that Group III inclusions could be generated from continental arc basalts formed by 
approximately 5% batch melting or 1 – 5% fractional melting of garnet peridotite. 
Several Group III mafic and ultramafic inclusions that exhibit textural, mineral, and chemical 
evidence of being in equilibrium have been selected to apply the Ol – Cpx – Pl barometer 
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(discussed below in detail) (Ziberna et al., 2017). Four Group III inclusions in the Trill 
embayment appear to have equilibrated at low P (210 – 240 MPa) but relatively high T (1050 – 
1120°C), whereas one Group III inclusion in the Levack embayment appears to have equilibrated 
at higher P (300 ± 180 MPa) but lower T (900°C). The results suggest that these inclusions 
equilibrated at depths between 7.7 ± 6.0 and 10.9 ± 6.5 km, assuming a geobarometric gradient of 
27.5 MPa/km (Wang et al., 2018).   
In summary, Group III inclusions are exotic fragments of one or more layered mafic-ultramafic 
intrusions that could be derived from continental arc basalt magma formed by up to 5% partial 
melting of garnet peridotite, equilibrated at 7.7 – 10.9 km depth, excavated during impact, and 
incorporated into the SIC. 
3.7.5 Petrogenesis of Mafic-Ultramafic Inclusions in the South Range 
The petrogenesis of olivine-bearing mafic-ultramafic inclusions on the South Range is less clear, 
as no samples were available for this study, they are generally more altered, and previous studies 
reported mainly major element with limited mineral chemical and no trace element data.  
Scribbins et al. (1984) compared the lithologies between mafic-ultramafic inclusions on the 
North and South Ranges. The abundances of rock types are statistically imprecise as most 
samples were collected from available localities in the mine and were insufficient to span the 
diversity of rock types, but the results are informative. A characteristic feature of South Range 
mafic-ultramafic inclusions is the lack of clinopyroxene-dominant rock types (lherzolites, 
wehrlites, and clinopyroxenites). Hydrous arc basalts will stabilize olivine and clinopyroxene 
over a substantial temperature interval (e.g., Gaetani et al., 1994; Pichavant and Macdonald, 
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2007), consistent with the presence of igneous phlogopite and amphibole in North Range 
inclusions, but not in South Range inclusions.  
The available major element dataset of South Range inclusions exhibits well-defined negative 
correlations between Ca-Al-Na-Ti and Mg that extrapolate to ~ Fo85-73, suggesting olivine 
accumulation in South Range inclusions, compared to the orthopyroxene accumulation inferred 
for North Range inclusions. South Range inclusions also contain lower Ca but higher Al than 
North Range inclusions, which is attributed to the higher abundance of orthopyroxene in South 
Range inclusions. Chromites in South Range and North Range inclusions are compositionally 
different (Fig. 3.8A). Zhou et al. (1997) suggested it was an arbitrary break that would be filled in 
as more samples become available, but our work reveals significant compositional distinctions 
between South and North Range chromites, including lower Fe3+# (15 – 19 vs 29 – 85: Fig. 3.8C), 
higher Cr2O3 and Al2O3 (30 – 51% and 10 – 22% vs 16 – 37% and 3 – 13%: Fig. 3.9), and 
negatively-correlated Cr-Al vs positively-correlated Cr-Al (Fig. 3.9). The Fe3+ will be affected by 
the fO2 in the liquid (see Barnes, 1998) and post-cumulus Fe-Mg exchange between chromite and 
olivine (Scowen et al., 1991). The negatively correlated trend of Cr-Al in the South Range 
chromites is parallel to the mantle array, whereas the positively correlated Cr-Al in the North 
Range chromites appear to follow the field of arc cumulate spinels (Fig. 3.9). This suggests that 
the chromites in South Range inclusions may have crystallized at higher temperatures (Franz and 
Wirth, 2000), whereas the chromites in North Range inclusions may have crystallized under 
lower temperatures and/or have been influenced by post-cumulus effects (Irvine, 1967).  
3.7.6 Tectonic Settings 
A common geochemical characteristic of all inclusions and ITSM is the enrichment in HILE 
relative to MILE with pronounced negative Nb-Ta-(Ti) and minor negative Zr-Hf anomalies (Fig. 
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3.12). These geochemical characteristics indicate that the magma from which they crystallized 
was of subduction-related arc affinity (e.g., Pearce and Norry 1979; Perfit et al. 1980; Pearce, 
1982) or that it was contaminated by continental crust (e.g., Wilson 1989; Thompson et al. 1984). 
Figure 3.19 compares the incompatible element patterns of mafic-ultramafic inclusions and arc 
basalts formed by addition of various subduction components (shallow/deep slab melts) into 
peridotitic mantle (Pearce et al., 2005) and upper continental crust (Taylor and McLennan, 1995). 
Upper continental crust exhibits less pronounced negative Nb-Ta-(Ti) anomalies and no Zr-Hf 
depletion, whereas the mafic-ultramafic inclusions and arc basalts exhibit different degrees of Th-
U and Zr-Hf depletion.  
The Th/Yb vs Nb/Yb or Ta/Yb diagram (Fig. 3.22) is used to constrain the influence of crustal 
contamination (Pearce, 1983, 2008), where Yb is used as a normalizing factor to minimize the 
effects of fractional crystallization and crystal accumulation (Pearce, 1983). Crustal 
contamination is normally variable, affecting some magma batches more than other magma 
batches, producing an array trending toward the composition of the crustal contaminant (Pearce, 
1983, 2008). However, subduction affects the entire source and enriches Th relative to Nb-Ta 
(Pearce et al., 2005; Pearce, 2008).  
There are three trends – one stronger and two weaker – defined by mafic-ultramafic inclusions 
and ITSM:  
Trend 1 is defined by the majority of the inclusions, particularly the abundant Group I inclusions, 
and the majority of ITSM samples. They are uniformly enriched in Th relative to Nb-Ta and form 
a trend subparallel to the mantle array with some samples following along a trajectory to the 
 
 
80 
 
upper continental crust, implying a subduction-related origin for the magmas with contamination 
by upper continental crust that formed the precursors to the inclusions. 
Trend 2 is very weak and is defined by Group II inclusions. The trend is shallower than the 
mantle array. It may be a spurious trend, but all of the inclusions are enriched in Th relative to 
Nb-Ta, consistent with crystallization from magmas derived from subduction-influenced sources. 
Trend 3 is weak and defined by Group III inclusions. It is subparallel to Trend 2 with higher 
Ta/Yb and Th/Yb ratios. It may also be a spurious trend, but is also consistent with crystallization 
from magmas derived from subduction-influenced sources.  
A trend similar to Trend 2 and 3 with variable Nb/Yb or Ta/Yb over a narrower range of Th/Yb 
can be generated by constant subduction component added to a variable mantle source (Pearce et 
al., 1995). Because the subduction component will have a greater effect on Th/Yb than on Nb/Yb 
or Ta/Yb, the resulting trend will therefore have a negative slope (Pearce et al., 1995). Thus, 
Trends 2 and 3 might have formed by addition of subduction component into a variable mantle 
source.  
Ratios of elements with different compatibilities (e.g., Zr/Y, Ta/Yb, Nb/Yb) are indicative of 
mantle source variations and/or degrees of partial melting (Pearce et al., 2005). Group I and III 
inclusions have overall higher Zr/Y and Ta/Yb ratios than Group II inclusions, suggesting that 
they are derived from melts derived from a more fertile source and/or at lower degrees of partial 
melting compared to that of Group II. The layered mafic-ultramafic rocks in the footwall of 
Levack-Fraser Mine – the probable source of Group II inclusions – scatter widely but overlap 
with the majority of the mafic-ultramafic inclusions.  
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Ketchum et al. (2013) suggested that the SCLM beneath the southern Superior Province during 
the formation of the Huronian basalts and EBLI at ~2450 Ma and Nipissing Suite intrusions at 
~2210 Ma was “likely heterogeneous, potentially consisting of ancient peridotite with a 
chondrite-like composition, remnants of subducted oceanic lithosphere including sediments, 
trapped portions of Archean arc magmas that did not ascend to the crust, and peridotite 
metasomatized by the release of fluids from a subducting slab.” It is not clear to us why 
chondritic mantle would be preserved, given that the core and continental crust had already 
segregated (Polat and Kerrich, 2001). The widespread Huronian volcanic and intrusive rocks are 
considered to be derived from the subduction-metasomatized mantle (Jolly, 1987; Jolly et al., 
1992; Ketchum et al., 2013), that likely occurred at 2750 – 2690Ma under the Abitibi-Wawa 
terrane (Bédard and Harris, 2014). Magma generated by melting of these volcanic and intrusive 
rocks and underlying Neoarchean Superior Province upper-middle crustal rocks would produce 
the enriched-LILE trace element geochemistry of the rocks, the variably-influenced sources to the 
trace element, and the Nd and Os isotopic compositions of Group I olivine melanorite inclusions.  
3.7.7 Formation Conditions of Mafic-Ultramafic Inclusions and Constraints on 
their Extraction Depth 
The absence of plagioclase compositional data for Group I inclusions precludes P-T calculations, 
but their petrographic and whole-rock geochemical similarities to ITSM indicate a shallow, 
cognate origin.  
The recrystallized nature and absence of amenable mineral assemblages in Group II inclusions 
also precludes P-T calculations, but their petrographic and whole-rock geochemical similarities to 
local country rocks indicates a shallow-crustal depth of incorporation. 
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The pressures and temperatures of equilibration of several Group III feldspar lherzolite and 
olivine gabbro have been estimated using the olivine-clinopyroxene-plagioclase (Ol – Cpx – Pl) 
barometer of Ziberna et al. (2017), which can be applied to gabbroic, pyroxenitic, or peridotitic 
rocks that contain the appropriate igneous Ol + Cpx + Pl ± Sp (magnetite or Cr/Al-spinel) 
assemblage. Because igneous spinel is not present in our assemblages, we have conducted the 
COlP (Cpx - Ol - Pl) calibration using THERMOCALC (Powell and Holland, 1988) version 
3.47i. The input data are originally derived from mineral composition determined by WD-XRES 
(EPMA) and the recalculated formula in terms of cations expressed as atoms per formula unit 
(apfu) (Table 3.9). Compositional variables in THERMOCALC are written in terms of site 
fractions, defined as follows:  
𝑥(𝑒𝑐𝑥) = 𝑥𝐹𝑖𝑀1+𝑥𝐹𝑖𝑀2
𝑥𝐹𝑖
𝑀1+𝑥𝐹𝑖
𝑀2+𝑥𝑀𝑀
𝑀1+𝑥𝑀𝑀
𝑀2 = 𝐹𝑚2+𝐹𝑚2++𝑀𝑀                                         [7] 
𝑦(𝑒𝑐𝑥) = 2𝑥𝐴𝑂𝑇 = 2 − 𝑆𝑆                                                     [8] 
𝑒(𝑒𝑐𝑥) = 𝑥𝐹𝑚3+𝑀1 = 𝐹𝑒3+                                                     [9] 
𝑧(𝑒𝑐𝑥) = 𝑥𝐶𝐶𝑀2 = 𝐶𝐶                                                        [10] 
𝑗(𝑒𝑐𝑥) = 𝑥𝑁𝐶𝑀2 = 𝑁𝐶                                                        [11] 
𝑥(𝑜𝑜) = 𝑥𝐹𝑖𝑀1+𝑥𝐹𝑖𝑀2
𝑥𝐹𝑖
𝑀1+𝑥𝐹𝑖
𝑀2+𝑥𝑀𝑀
𝑀1+𝑥𝑀𝑀
𝑀2 = 𝐹𝑚𝐹𝑚+𝑀𝑀                                            [12] 
𝑒𝐶(𝑐𝑜) = 𝐶𝐶
𝐶𝐶+𝑁𝐶+𝐾
                                                           [13] 
𝑘(𝑐𝑜) =  𝐾
𝐶𝐶+𝑁𝐶+𝐾
                                                           [14] 
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Because there is negligible effect of Po (initial estimate of pressure), but a significant effect of To 
(initial estimate of temperature) on the calculated pressure (P), we ran the calculation every 10°C 
over a range of 700 – 1300°C and selected the To that produced the lowest standard deviation of 
fit (σfit). All average P calculations (Table 3.10) pass the χ2 test (σfit < 1.73), except for sample 
4920B (σfit = 1.9), and show low uncertainties (± 110 – 180 MPa). The calculations suggest that 
feldspar lherzolite and olivine gabbro in the Trill embayment equilibrated at 1050 – 1120oC and 
210 ± 166 MPa and 240 ± 109 MPa, which is equivalent to depths between 7.7 ± 6.0 and 8.7 ± 
4.0 km, assuming a geobarometric gradient of 27.5 MPa/km and that one feldspar lherzolite in 
the Levack equilibrated at 900oC and 300 ± 178 MPa, which is equivalent to a depth of 10.9 ± 6.5 
km (Wang et al., 2018) (Fig. 3.23).  
The inferred relatively low temperatures but high pressures of the inclusions may be related to a 
low liquidus temperature of the hydrous magma required to stabilize igneous phlogopite and 
amphibole. However, they may also reflect different cooling rates (e.g., Coogan et al., 2007): 
inclusions with lower calculated equilibration temperatures may have been derived from bodies 
intruded into deeper and hotter crust that cooled more slowly, resulting in lower closure 
temperatures, whereas inclusions with higher calculated equilibration temperatures may have 
been derived from bodies intruded into shallower and colder crust that cooled more rapidly, 
resulting in higher closure temperatures.  
The relatively low pressures and shallow equilibration depth (7.7 – 10.9 km) of all inclusions are 
consistent with the absence of garnet or Al-spinel and the widespread presence of plagioclase in 
the inclusions, indicating a depth <30 km (Green and Hibberson, 1970). Given that the 
continental crust in the Sudbury region is widely accepted to be thin (37 – 38 km: Winardhi and 
Mereu, 1997; Mungall et al., 2004), the calculated depths for all inclusions correspond to upper – 
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middle crust. Given the overwhelming upper crustal signature in the impact melt (e.g., Faggart et 
al., 1985; Walker et al., 1991; Dickin et al., 1992, 1996, 1999; Lightfoot et al., 1997c; Prevec et 
al., 2000; Morgan et al., 2002; Lightfoot, 2016), this implies an intermediate (upper – middle 
crustal) (Wang et al., 2018), not very shallow (< 12 km; Darling et al., 2010) or very deep (> 40 
km; e.g., Mungall et al., 2004; Petrus et al., 2016) excavation depth. 
3.8 Implications for the Genesis of the Sublayer and IQD 
The origin of Sublayer is discussed in more detail in Wang et al. (Ch 4), but the data in this study 
provide important constraints: 
1) The presence of clinopyroxene-rich assemblages in North Range inclusions and their absence 
in South Ranges inclusions could reflect i) heterogeneities preserved from the initial impact 
and/or ii) heterogeneities produced by post-impact thermomechanical erosion. The S and Pb 
isotopic compositions of the ores vary significantly, which has been attributed to 
volatilization of S and Pb followed by thermomechanical erosion of footwall rocks 
(McNamara et al., 2017; Lesher, 2019). The Hf isotopic compositions of the Main Mass and 
offset dikes are much more homogeneous than the country rocks (Kenny et al., 2017), 
indicating that the impact melt was originally well mixed. This mixing should have removed 
any initial heterogeneities in inclusion populations, indicating a more significant role for post-
impact thermomechanical erosion than previously suspected.  
2) Group I olivine melanorites and Mafic Norite occur only on the North Range (thus far Group 
I inclusions have been identified only at Whistle and at Onaping Depth and Dowling in the 
Levack embyament, whereas Mafic Norite is present in most embayments on the North 
Range). This may indicate that i) the mafic component that was incorporated to generate them 
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was present only on the North Range, ii) the impact melt on the North Range was hotter and 
able to incorporate more mafic material than on the South Range, and/or iii) that the mafic 
component that was incorporated on the South Range was more completely assimilated. The 
Main Mass is up to 2x thicker on the South Range (Souch et al. 1969; Naldrett et al., 1984; 
Naldrett, 2004; Lightfoot, 2016), the two-pyroxene contact metamorphic zone is 10x wider on 
the South Range (Jørgensen, 2017; Jørgensen et al., 2019) than on the North Range (Dressler, 
1984; Boast and Spray, 2006), and the amount of mafic material (Huronian metabasalt, EBLI, 
and Nipissing) is much greater on the South Range, so the degree of post-impact 
thermomechanical erosion of mafic rocks should have been significantly greater and the 
greater thickness would have facilitated greater degrees of assimilation. In contrast, the 
thinner Main Mass on the North Range would have had a lower capacity for 
thermomechanical erosion and assimilation, leading to the crystallization of a marginal layer 
as the impact melt had its liquidus raised by assimilation of less abundant but more mafic 
footwall rocks.  
3) Group I anteliths, ITSM, and Mafic Norite contain abundant cumulus orthopyroxene and 
plagioclase, whereas QD and IQD contain only rapidly-crystallized non-cumulate 
orthopyroxene and plagioclase. This can be most likely attributed to QD and IQD being 
injected into the offset dikes where they crystallized more rapidly, whereas Group I 
inclusions, ITSM, and Mafic Norite formed at the base of the Main Mass, so crystallized 
much more slowly and in communication with a much larger mass of magma that was able to 
continually provide cumulus components and incorporate non-cumulus components. 
4) Group II local inclusions and Group III exotic inclusions have only been identified on the 
North Range (Levack embayment and Foy offset, and Trill, Levack, and Bowell embayments, 
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respectively). Equivalent inclusions are likely also present on the South Range, but their 
shock textures would have been annealed by the much longer cooling time of the overlying 
much thicker Main Mass, as it conducted heat through the Sublayer into the footwall rocks. 
Finding a way to recognized Group III exotic inclusions on the South Range will be 
especially important to confirm that the impact melt sheet was well mixed.  
5) All of the inclusions appear to exhibit subduction signatures, which is consistent with them 
having formed from materials that can reasonably be expected to be present in the crustal 
section at the time of impact. There is no evidence that they came directly from 
subcontinental lithospheric (cratonic) mantle or asthenospheric mantle, supporting the 
interpretation that the impact excavated upper-middle crust and did not reach the mantle. 
Ubide et al. (2017) suggested that green shards in the Onaping Formation require that the 
impact create pathways to tap a MORB-like reservoir at greater depths, but there is no 
evidence for this volcanism as dikes anywhere else in the system. On the other hand, the 
depletion of LREE>HREE that characterizes the green shards (Ubide et al., 2017) is similar 
to the higher-grade parts of the contact metamorphic aureole in the underlying Elsie Mountain 
Formation, which has lost HILE-Zr-Hf relative to Nb-Ta-MILE (Jørgensen, 2017; Jørgensen 
et al, 2019). The rate of conduction of heat from the superheated impact melt into the footwall 
rocks would have been much slower than the rate of thermomechanical erosion, but as the 
impact melt approached the liquidus the rate of erosion would have decreased and melts of 
devolatilized Huronian basalts may have formed and escaped along the crater margins to form 
the observed green shards. This possibility requires further testing. 
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3.9 Conclusions 
Mafic-ultramafic inclusions are derived from multiple origins on the basis of significantly various 
lithologies, textures, and distinctive geochemical characteristics.  
Anteliths comprise Group I olivine melanorite and olivine melagabbronorite inclusions. They 
show great similarities in the geochemical characteristics to ITSM, and are believed to crystallize 
from the impact melt with a contribution from a more mafic melt, which was probably derived by 
melting the widespread Huronian volcanic and subvolcanic in the region. 
Local xenoliths comprise Group IIA wehrlite – olivine clinopyroxenite inclusions and Group IIB 
olivine melanorite inclusions. They are characterized by shock metamorphic features (e.g., shock 
mosaicism in olivine, planar deformation features in orthopyroxene) and strong thermal 
recrystallization (e.g., clinopyroxene and plagioclase). They occur in restricted locations (Group 
IIA in Levack embayment and Group IIB in Foy Offset) and show geochemical similarities to an 
exposed layered mafic-ultramafic intrusion in the footwall at Levack and Fraser deposits.  
Exotic xenoliths comprise Group III phlogopite/feldspar lherzolite, orthopyroxenite, and olivine 
gabbro inclusions. They are interpreted as exotic fragments of one or more layered mafic-
ultramafic intrusions that could be derived from continental arc basalt magma formed by up to 5% 
partial melting of garnet peridotite, equilibrated at 7.7 – 10.9 km depth, excavated during impact, 
and incorporated into the SIC.  
Mafic-ultramafic inclusions and ITSM exhibit both unambiguous arc and upper continental crust 
signatures. The widespread Huronian volcanic and subvolcanic rocks are considered to be 
derived from the subduction-metasomatized mantle that likely occurred at 2750 – 2690 Ma 
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beneath the Abitibi-Wawa terrane. Melting of these volcanic and subvolcanic rocks and other 
upper continental material should have produced magma that shows consistent geochemical 
characteristics in the Main Mass rocks and the majority of inclusions, i.e., enriched-LILE trace 
element geochemistry of the rocks, the variably Ni-rich and Mn-poor olivines in Group I 
inclusions, and the significant contributions of subduction-influenced sources to Th/Yb vs 
Nb(Ta)/Yb, and the Nd and Os isotopic compositions of Group I olivine melanorite inclusions. 
Calculated low pressures (< 500 MPa) using Ol-Cpx-Pl geobarometer indicate derivations from 
multiple pre-existing mafic-ultramafic intrusions at the depth of upper-middle crustal area (7.7 – 
10.9 km), and thus an intermediate excavation depth.  
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Figure Captions 
Figure 3.1  A: Geological map of the Sudbury Igneous Complex, Canada (after Lightfoot, 2016); 
B: Geological map of Whistle embayment and Whistle Offset dike (after Pattison, 1979)  
Figure 3.2  Photomicrographs of petrographic features of ITSM and IQD. A: Ophitic-textured 
ITSM in the Whistle embayment in cross-polarized light; sample shows abundant plagioclase 
laths (Pl), and variable orthopyroxene (Opx) and clinopyroxene (Cpx) in ophitic texture; B: 
ITSM from Whistle embayment in cross-polarized light; sample shows abundant prismatic 
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cumulus orthopyroxene (Opx); C: QD in the Foy Offset shown in cross-polarized light; sample 
shows fresh laths of orthopyroxene (Opx) and plagioclase (Pl) in a groundmass of amphibole, 
quartz, graphic intergrowths of quartz + K-feldspar. D: IQD in the Worthington Offset in plane 
polarized light; sample shows secondary amphibole (Amph) and primary plagioclase (Pl) with 
interstitial mica (Mica) and magmatic Fe-Ni-Cu sulfide (Sul). 
Figure 3.3  Photomicrographs of petrographic features of mafic and ultramafic inclusions in 
Sublayer and IQD. A: Coarse-grained, and orthocumulate olivine (Ol) coexisting with fine-
grained olivine chadacrysts enclosed by interstitial plagioclase (Pl) in feldspar lherzolite inclusion 
in the Trill Embayment, cross-polarized light. B: Adcumulate orthopyroxene (Opx) in 
orthopyroxenite reaction zone between a feldspar lherzolite inclusion and ITSM in the Trill 
Embayment, cross-polarized light. C: Polygonal clinopyroxene (Cpx) aggregates comprising 
equigranular recrystallized clinopyroxene neoblast, and fluidal and/or sheared olivine (Ol) 
aggregates comprising shock mosaic and recrystallized olivine neoblasts in wehrlite inclusion in 
the Levack embayment, plane-polarized light. D: Euhedral olivine (Ol), orthopyroxene (Opx) and 
clinopyroxene (Cpx) chadacrysts enclosed by interstitial plagioclase (Pl) and phlogopite (Phl) in 
olivine melagabbronorite inclusion in the Onaping Depth, plane-polarized light. E: Trachytic 
texture in an olivine gabbro inclusion in the Trill Embayment, cross-polarized light. F: Sharp 
contact between layered feldspar lherzolite and olivine gabbro inclusion in the Trill Embayment, 
cross-polarized light. 
Figure 3.4  Plots of olivine compositions in mafic-ultramafic inclusions and comparable mafic-
ultramafic country rocks. A: NiO vs forsterite contents (Fo mole%), and B: MnO vs forsterite 
content (Fo mole%). Light green and beige fields in A with solid lines along their margins 
indicate peridotite- and pyroxenite-mantle sources that have lost up to 20% melt via sequential 
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melting (Straub et al., 2008). Black dash and solid lines are olivine fractional crystallization 
trajectories from peridotitic and pyroxenitic melts, respectively, calculated in 1% increment using 
the method of Herzberg and O’Hara (2002). The red dash line in (A) shows the mixing line 
between a derivative peridotitic melt and a pyroxenitic melt. The stars and circles with italic 
numbers represent the degree of olivine fractionation. The peridotite- and pyroxenite-derived 
melts in (A), from which olivine crystallized, are from Straub et al. (2008), and the peridotite- 
and pyroxenite-derived melts in (B) are from Sobolev et al. (2007). Reference data: CMVB: 
olivines in the Central Mexican volcanic belt crystallized from calc-alkaline basaltic andesites 
formed by mixing between peridotite- and pyroxenite-melts (Straub et al. 2008); MORB: olivine 
in mid-ocean ridge basalts that are derived from peridotite melts (Sobolev et al., 2007); WPM-
THIN: olivine in within plate magmas emplaced over thin lithosphere that are derived from 
peridotite melts. WPM-THICK: olivine in within plate magmas emplaced over thick lithosphere 
that are derived from hybrid magma mixing between pyroxenite melts (amount to approximate 61 
± 16%) and peridotite melts (Sobolev et al., 2007). Lithological abbreviations (thereafter): HZBG 
– harzburgite; Phl LHZT – phlogopite lherzolite; Fsp LHZT-1 – igneous-textured feldspar 
lherzolite; OLGA – olivine gabbro; Fsp LHZT-2 – shocked feldspar lherzolite; ORPY – 
orthopyroxenite; WHTE – wehrlite; OLMN-1 – igneous-textured olivine melanorite; OLMN-2 – 
shocked olivine melanorite; OLGN – olivine melagabbronorite; OAPY, Levack FW – olivine-
bearing amphibole pyroxenite in the footwall of Levack Mine; M-UM, Levack-Fraser FW – 
mafic-ultramafic intrusion in the footwall of Levack-Fraser Mine; OLMN, EBLI – olivine 
melanorite in the East Bull Lake intrusive suite.  
Figure 3.5  Classification diagram of pyroxenes in the mafic-ultramafic inclusions, ITSM, and 
comparable mafic-ultramafic country rocks. Lithological abbreviations are in Figure 3.4. 
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Figure 3.6  Plots of Al2O3,CaO, TiO2, and Cr2O3 vs Mg# (molar MgO/(MgO+FeO)) 
orthopyroxene compositions in mafic-ultramafic inclusions, ITSM, and comparable mafic-
ultramafic country rocks. Lithological abbreviations are in Figure 3.4. 
Figure 3.7  Plots of clinopyroxene compositions in mafic-ultramafic inclusions, ITSM, and 
comparable mafic-ultramafic country rocks. A: Al2O3 vs Mg#, and B: Cr2O3 vs Mg#; Fields of 
cratonic and non-cratonic peridotites in (A) are from Walter (2003); symbols as in Figure 3.6 and 
lithological abbreviations are in Figure 3.4. 
Figure 3.8  Plots of chromite compositions in mafic-ultramafic inclusions and comparable mafic-
ultramafic country rocks. A: Cr3+–Al3+–Fe3+, B: 100*Cr/(Cr+Al) vs 100*Fe2+/(Mg+Fe2+), C: 
100*Fe3+/(Cr+Al+Fe3+) vs 100*Fe2+/(Mg+Fe2+), and D: TiO2 vs 100*Fe3+/(Cr+Al+Fe3+); 
The recrystallized nature and absence of amenable mineral assemblages in Group II inclusions 
also precludes P-T calculations, but their petrographic and whole-rock geochemical similarities to 
local country rocks indicates a shallow-crustal depth of incorporation trends and fields after 
Barnes and Roeder (2001). Lithological abbreviations are in Figure 3.4. 
Figure 3.9  Plots of chromite compositions in mafic-ultramafic inclusions in the North and South 
Ranges. A: Al2O3 vs Cr2O3, and B: Fe2O3 vs Mg#; Fields of arc cumulate chromite and mantle 
array in (A) after Franz and Wirth (2000). Lithological abbreviations are in Figure 3.4. 
Figure 3.10  Plots of amphibole compositions in mafic-ultramafic inclusions and various 
reference amphiboles in the literature (data sources in text). A: Cr2O3 vs Mg#, B: Al2O3 vs Mg#, 
C: AlIV (apfu) vs AlVI (apfu), and D: Ti (apfu) vs AlIV (apfu); Field boundaries in (C) are from 
Fleet and Bernett (1978). Lithological abbreviations: Gr-MMN – green amphibole in Main Mass 
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Norite; Br-MMN – brown amphibole in Main Mass norite; MG – amphibole in melagabbro in the 
country rocks; the other abbreviations as in Figure 3.4. 
Figure 3.11  Plots of whole-rock compositions for mafic and ultramafic inclusions, ITSM, and 
comparable mafic-ultramafic rocks country rocks, together with major cumulus mineral 
compositions determined by EPM. A: FeO vs MgO, B: CaO vs MgO, C: Al2O3 vs MgO, D: 
Na2O vs MgO, E: TiO2 vs MgO, and F: MnO vs MgO; Closed stars are average compositions of 
cumulus phases in the inclusions (same colours as their group), and solid lines show 
compositional ranges. Lithological abbreviations are in Figure 3.4. 
Figure 3.12  Primitive mantle-normalized trace element patterns for mafic and ultramafic 
inclusions, ITSM, and comparable mafic-ultramafic rocks country rocks. Normalizing values 
from McDonough et al. (1992). Lithological abbreviations are in Figure 3.4. 
Figure 3.13  Plots of whole-rock compositions for mafic-ultramafic inclusions, ITSM, and 
comparable mafic-ultramafic country rocks. A: La/YbN vs Mg#, and B: Gd/YbN vs Mg#; 
Normalizing values are from Sun and McDonough et al. (1989). Lithological abbreviations are in 
Figure 3.4. 
Figure 3.14  Plots of whole-rock compositions for mafic-ultramafic inclusions, ITSM, and 
comparable mafic-ultramafic country rocks. A: Zr/Y vs Zr, B: Zr/Nb vs Zr, and C: Nb/U vs Nb; 
The arrowed line in (A) shows the directions of source enrichment/depletion. The star symbols 
show the value of C3 chondrite (Pearce and Norry 1979). Field reference in (A): IAB – island arc 
basalt; MORB – mid-ocean ridge basalt; WPB – within plate basalt 
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Figure 3.15  Box plots of whole-rock trace element ratios for mafic-ultramafic inclusions, ITSM, 
and comparable mafic-ultramafic country rocks. A: Zr/Hf and B: Nb/Ta 
Figure 3.16  NiO and Fo contents of olivines in mafic-ultramafic inclusions and model olivines 
crystallizing from primary magmas at the surface. Pink lines are model olivine lines of descent 
for primary magmas having MgO contents of 20 to 30% derived from a peridotite source 
(Herzberg, 2011). Black star is olivine composition at the liquidus for near-total melting. Black 
lines are olivine compositions in equilibrium with accumulated fractional melts using the Beattie-
Jones parameterization (Herzberg, 2011). Grey field is measured olivine compositions in Hawaii 
(Sobolev et al., 2007). 
Figure 3.17  NiO contents of olivine and Ni content of sulfide liquid that have underwent 
equilibrium exchange of Fe-Ni in experiments at controlled temperature, oxygen, and sulfur 
fugacities. Data sources given in Brenan (2003). 
Figure 3.18  Ni Diffusion between olivine and silicate melt and between olivine and sulfide 
liquid at 1700°C and 1180°C, respectively 
Figure 3.19  Plots whole-rock trace element compositions for mafic-ultramafic inclusions and 
ITSM. A: Zr/Hf vs Sc and B: Zr/Hf vs Zr 
 Figure 3.20  Primitive mantle-normalized trace element patterns of the calculated parental 
magma of Group III inclusions. Primitive mantle values from McDonough et al. (1992). 
Reference data: N-MORB – normal mid-ocean ridge basalt from Sun and McDonough (1989); 
OIB – ocean island basalt from Sun and McDonough (1989); CAB – continental arc basalts from 
GEOROC (http://georoc.mpch-mainz.gwdg.de/georoc). 
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Figure 3.21  Incompatible trace element patterns (normalized to mid-ocean ridge basalt: Sun and 
McDonough, 1989) of the average composition of all groups of inclusions, various subduction 
components (shallow/deep) in arc basalts (Pearce et al., 2005), and upper continental crust 
(Taylor and McLennan, 1995) 
Figure 3.22  Plot of Th/Yb vs Ta/Yb of mafic and ultramafic inclusions, ITSM, and comparable 
mafic-ultramafic rocks country rocks; Mantle array, values of N-MORB (normal MORB) and E-
MORB are from Pearce (1983).  
Figure 3.23  Calculated P-T diagram of selective mafic-ultramafic inclusions using Ol-Cpx-Pl 
geobarometer 
Table 3.1  Petrographic characteristics of the mafic and ultramafic inclusions in Sublayer and 
IQD on the North Range 
Table 3.2  Summary of compositions of olivine in mafic-ultramafic inclusions and comparable 
mafic-ultramafic country rocks 
Table 3.3  Summary of compositions of orthopyroxene in the mafic-ultramafic inclusions and 
comparable mafic-ultramafic country rocks 
Table 3.4  Summary of compositions of clinopyroxene in the mafic-ultramafic inclusions and 
comparable mafic-ultramafic country rocks 
Table 3.5  Summary of compositions of amphibole in the mafic-ultramafic inclusions and 
comparable mafic-ultramafic country rocks 
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Table 3.6  Geochemical characteristics of mafic-ultramafic inclusions, ITSM, and comparable 
mafic-ultramafic country rocks. 
Table 3.7  Estimation of the composition of parental magma for Group III inclusions  
Table 3.8  Calculated results of Sm/YbN at variable degrees of batch melting and fractional 
melting of spinel peridotite and garnet peridotite 
Table 3.9  Mineral compositions determined by WD-XRES (EPMA) and compositional variables 
calculated for COlP calibration in representative Group III mafic-ultramafic inclusions 
Table 3.10  Results of P-T calculations for Group III inclusions 
Table S3.1  Composition of olivine and atomic proportions based on 4 oxygens of the mafic-
ultramafic inclusions and mafic-ultramafic country rocks 
Table S3.2  Composition of orthopyroxene and atomic proportions based on 6 oxygens of the 
mafic-ultramafic inclusions, ITSM, and mafic-ultramafic country rocks 
Table S3.3  Composition of clinopyroxene and atomic proportions based on 6 oxygens of the 
mafic-ultramafic inclusions, ITSM, and mafic-ultramafic country rocks 
Table S3.4  Composition of chromite and atomic proportions based on 4 oxygens of the mafic-
ultramafic inclusions and mafic-ultramafic country rocks 
Table S3.5  Composition of amphibole and atomic proportions based on 24 (OH, F, Cl, O) of the 
mafic-ultramafic inclusions and mafic-ultramafic country rocks 
Table S3.6  Whole-rock geochemistry of the mafic-ultramafic inclusions and ITSM and mafic-
ultramafic country rocks 
Table S3.7  Mass balance calculation of the effect of melt infiltration in representative samples 
of Group III using Microsoft Excel Solver optimization tool  
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Figure 3.1  A: Geological map of the Sudbury Igneous Complex, Canada (after Lightfoot, 2016); B: 
Geological map of Whistle embayment and Whistle Offset dike (after Pattison, 1979) 
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Figure 3.2  Photomicrographs of petrographic features of ITSM and IQD 
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Figure 3.3  Photomicrographs of petrographic features of olivine-bearing mafic and ultramafic 
inclusions in Sublayer and IQD 
 
 
121 
 
 
Figure 3.4  Plots of olivine compositions in mafic-ultramafic inclusions and comparable mafic-
ultramafic country rocks. A: NiO vs forsterite contents (Fo mole%) and B: MnO vs forsterite 
content (Fo mole%) 
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Figure 3.5  Classification diagram of pyroxenes in the mafic-ultramafic inclusions, ITSM, and 
comparable mafic-ultramafic country rocks 
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Figure 3.6  Plots of Al2O3, CaO, TiO2, and Cr2O3 vs Mg# (molar MgO/(MgO+FeO)) orthopyroxene 
compositions in mafic-ultramafic inclusions, ITSM, and comparable mafic-ultramafic country rocks 
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Figure 3.7  Plots of clinopyroxene compositions in mafic-ultramafic inclusions, ITSM, and 
comparable mafic-ultramafic country rocks. A: Al2O3 vs Mg#, and B: Cr2O3 vs Mg# 
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Figure 3.8  Plots of chromite compositions in mafic-ultramafic inclusions and comparable mafic-
ultramafic country rocks. A: Cr3+–Al3+–Fe3+, B: 100*Cr/(Cr+Al) vs 100*Fe2+/(Mg+Fe2+), C: 
100*Fe3+/(Cr+Al+Fe3+) vs 100*Fe2+/(Mg+Fe2+), and D: TiO2 vs 100*Fe3+/(Cr+Al+Fe3+)  
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Figure 3.9  Plots of chromite compositions in mafic-ultramafic inclusions in the North and South 
Ranges. A: Al2O3 vs Cr2O3, and B: Fe2O3 vs Mg#   
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Figure 3.10  Plots of amphibole compositions in mafic-ultramafic inclusions and various reference 
amphiboles in the literature (data sources in text). A: Cr2O3 vs Mg#, B: Al2O3 vs Mg#, C: AlIV (apfu) 
vs AlVI (apfu), and D: Ti (apfu) vs AlIV (apfu)  
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Figure 3.11  Plots of whole-rock compositions for mafic and ultramafic inclusions, ITSM, and 
comparable mafic-ultramafic rocks country rocks, together with major cumulus mineral 
compositions determined by EPM. A: FeO vs MgO, B: CaO vs MgO, C: Al2O3 vs MgO, D: Na2O vs 
MgO, E: TiO2 vs MgO, and F: MnO vs MgO 
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Figure 3.12  Primitive mantle-normalized trace element patterns for mafic and ultramafic 
inclusions, ITSM, and comparable mafic-ultramafic country rocks 
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Figure 3.13  Plots of whole-rock compositions for mafic-ultramafic inclusions, ITSM, and 
comparable mafic-ultramafic country rocks. A: La/YbN vs Mg#, and B: Gd/YbN vs Mg#  
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Figure 3.14  Plots of whole-rock compositions for mafic-ultramafic inclusions, ITSM, and 
comparable mafic-ultramafic country rocks. A: Zr/Y vs Zr, B: Zr/Nb vs Zr, and C: Nb/U vs Nb  
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Figure 3.15  Box plots of whole-rock trace element ratios for mafic-ultramafic inclusions, ITSM, and 
comparable mafic-ultramafic country rocks. A: Zr/Hf and B: Nb/Ta 
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Figure 3.16  NiO and Fo contents of olivines in mafic-ultramafic inclusions and model olivines 
crystallizing from primary magmas at the surface.  
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Figure 3.17  NiO contents of olivine and Ni content of sulfide liquid that have underwent 
equilibrium exchange of Fe-Ni in experiments at controlled temperature, oxygen, and sulfur 
fugacities. Data sources given in Brenan (2003). 
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Figure 3.18  Ni Diffusion between olivine and silicate melt and between olivine and sulfide liquid at 
1700°C and 1180°C, respectively 
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Figure 3.19  Plots whole-rock trace element compositions for mafic-ultramafic inclusions and ITSM. 
A: Zr/Hf vs Sc and B: Zr/Hf vs Zr  
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Figure 3.20  Primitive mantle-normalized trace element patterns of the calculated parental magma 
of Group III inclusions 
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Figure 3.21  Incompatible trace element patterns (normalized to mid-ocean ridge basalt: Sun and 
McDonough, 1989) of the average composition of all groups of inclusions, various subduction 
components (shallow/deep) in arc basalts (Pearce et al., 2005), and upper continental crust (Taylor 
and McLennan, 1995) 
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Figure 3.22  Plot of Th/Yb vs Ta/Yb of mafic and ultramafic inclusions, ITSM, and comparable 
mafic-ultramafic rocks country rocks 
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Figure 3.23  Calculated P-T diagram of selective mafic-ultramafic inclusions using Ol-Cpx-Pl 
geobarometer 
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Table 3.1  Petrographic characteristics of the mafic and ultramafic inclusions in Sublayer and IQD on the North Range  
Lithologies (n) Localities Contacts Sulfides Textures 
Mafic-Ultramafic Inclusions on the North Range 
Phl lherzolite (n = 5) Foy Offset: Foy Offset Sharp contacts with the 
matrix, occasionally with 
chlorite coatings 
Barren Tectonic metamorphic: 
porphyroclastic, granoclastic, 
hornfelsic, and recrystallized 
Fsp lherzolite (n = 15) Sublayer: Levack, Trill, 
Bowell 
Sharp to reaction zone, 
comprising orthopyroxenite 
between peridotite and 
ITSM 
Barren Igneous: orthocumulate, poikilitic, and 
interstitial 
Shock metamorphic: partial isotropic 
Pl 
Orthopyroxenite (n = 5) 
 
Sublayer: Trill, Bowell 
 
Reaction zone  Barren Igneous: orthocumulate, poikilitic, and 
interstitial 
Shock metamorphic: partial isotropic 
Pl 
Ol gabbro (n = 1) 
 
Sublayer: Trill No direct contact Barren Igneous: trachytic  
Wehrlite - Ol clinopyroxenite  
(n = 17) 
Sublayer: Levack  
 
Sharp, occasionally with 
chlorite and carbonate 
coatings, and rare felsic 
clots and streaks and wisps 
breccia veins in cm scale  
Disseminated to net-
texture sulfides 
Shock metamorphic: shock mosaic 
and recrystallized Ol 
Thermal metamorphic: recrystallized 
Cpx 
 
Ol melanorite (n = 44) 
 
Sublayer: Whistle 
 
Sharp to gradational, with 
slickensides and/or a 
change in grain size and 
mineralogy percentage 
Barren to weakly 
disseminated, 1 – 3% 
Igneous: poikilitic and interstitial 
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Shocked Ol melanorite (n = 2) Offset dike: Foy Offset Sharp, with chlorite 
coatings 
Barren to occasional 
blebs, <1% 
Shock metamorphic: shock mosaic Ol; 
planar deformation features in Opx 
Tectonic metamorphic: recrystallized 
Ol, Opx, and Pl 
Ol melagabbronorite (n = 2) Sublayer: Levack (Dowling 
and Onaping Depth) 
No information  Onaping Depth: 
disseminated, 1 – 3% 
Dowling: barren 
Igneous: poikilitic and interstitial 
Mafic-Ultramafic Inclusions on the South Range from Scribbins (1978) 
Harzburgite (n = 36) Sublayer: Murray, 
Creighton, Little Stobie 
Foy Offset: Frood Offset 
No information No information Igneous: orthocumulate, poikilitic, and 
interstitial 
Tectonic metamorphic: recrystallized  
(Ol) Orthopyroxenite (n = 9) Sublayer: Little Stobie 
 
No information Significant amount of 
sulfide 
Igneous: poikilitic, interstitial 
Tectonic metamorphic: recrystallized 
Clinopyroxenite (n = 2) Sublayer: Creighton No information Significant amount of 
sulfide 
Igneous: poikilitic, interstitial 
Tectonic metamorphic: hornfelsic 
Ol melatroctolite (n = 2) Sublayer: Little Stobie 
 
No information Significant amount of 
sulfide 
Igneous: poikilitic, interstitial 
Ol melanorite (n = 2) Sublayer: Little Stobie, 
Creighton,  
 
No information Significant amount of 
sulfide 
Igneous: poikilitic, interstitial, 
subophitic-ophitic 
Tectonic metamorphic: recrystallized 
Ol norite (n = 1) Sublayer: Creighton No information No information Igneous: noritic 
Tectonic metamorphic: recrystallized 
Note: Ol – olivine; Opx – orthopyroxene; Cpx – clinopyroxene; Phl – phlogopite; Fsp – feldspar; n – sample number 
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Table 3.2  Summary of compositions of olivine in the mafic-ultramafic inclusions and comparable mafic-ultramafic country rocks 
Lithology n Subgroup Localities 
Ol 
Fo NiO (wt. %) MnO (wt. %) 
Fsp LHZT-1 
160 Trill Trill, NR 83 - 79 0.19 - 0.12 0.21 - 0.29 
10 Levack Levack, NR 80 - 79 0.13 - 0.09 0.25 - 0.30 
5 Bowell Bowell, NR 77 0.13 - 0.12 0.29 - 0.30 
Layered Fsp LHZT-1 - 
OLGA 
10 Fsp LHZT 
Trill, NR 
82 - 78 0.17 - 0.15 0.24 - 0.30 
5 Fsp LHZT close to OLGA 75 - 74 0.14 0.34 - 0.37 
6 OLGA 73 - 72 0.15 - 0.12 0.37 - 0.39 
Phl LHZT 45  Foy Offset, NR 83 - 81 0.25 - 0.19 0.26 - 0.30 
WHTE 
6 High-Ni  
Levack, NR 
82 0.22 - 0.21 0.26 - 0.28 
136 Moderate-Ni 83 - 80 0.18 - 0.13 0.22 - 0.36 
28 Low-Ni 80 - 79 0.10 - 0.08 0.26 - 0.30 
OLMN-1 32  Whistle, NR 73 - 68 0.20 - 0.12 0.28 - 0.45 
Fsp LHZT-2 11  Trill, NR 83 - 82 0.43 - 0.38 0.24 - 0.28 
OLMN-2 12  Foy Offset, NR 83 - 81 0.30 - 0.24 0.20 - 0.24 
OLGN 
8 Dowling  Levack, NR 78 - 76 0.50 - 0.40 0.26 - 0.31 
7 Onaping Depth  Levack, NR 78 - 76 0.28 - 0.22 0.27 - 0.33 
OAPY, Levack FW 7  Footwall of Levack  86 0.51 - 0.38 0.18 - 0.20 
M-UM, Levack-Fraser FW 58  Footwall of Levack-Fraser 82 - 69 0.36 - 0.06 0.20 - 0.49 
OLMN, EBLI 6  EBLI 72 - 70 0.20 - 0.18 0.34 - 0.44 
Note: Fsp LHZT-1 – igneous-textured feldspar lherzolite; OLGA – olivine gabbro; Phl LHZT – phlogopite lherzolite; WHTE – wehrlite; OLMN-1 – igneous-
textured olivine melanorite; Fsp LHZT-2 – shocked feldspar lherzolite; OLMN-2 – shocked olivine melanorite; OLGN – olivine melagabbronorite; OAPY, 
Levack FW – olivine-bearing amphibole pyroxenite in the footwall of Levack Mine; M-UM, Levack-Fraser FW – mafic-ultramafic intrusion in the footwall 
of Levack and Fraser deposits; OLMN, EBLI – olivine melanorite in the East Bull Lake intrusive suite; NR – North Range; Ol – olivine; n – analysis number 
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Table 3.3  Summary of compositions of orthopyroxene in the mafic-ultramafic inclusions and comparable mafic-ultramafic country rocks 
Lithology n Subgroup/Localities Species Mg# Al2O3 (wt. %) CaO (wt. %) TiO2 (wt. %) Cr2O3 (wt. %) 
ITSM 10 Trill, NR Hyp 72 - 63 0.79 - 1.51 1.50 - 1.97 0.26 - 0.32  
ORPY 46 Trill, NR Hyp 82 - 63 1.09 - 1.58 1.03 - 2.58 0.11 - 0.40 0.18 - 0.48 
Fsp LHZT-1 84 Trill, Levack, Bowell, NR Brz - Hyp 84 - 81 0.69 - 1.78 0.50 - 1.90 0.03 - 0.40 0.12 - 0.48 
Phl LHZT 26 Foy Offset, NR Brz 85 - 83 0.37 - 1.25 0.81 - 1.12 0.02 - 0.08 0.01 - 0.20 
WHTE 29 Levack, NR Brz 84 - 83 1.06 - 1.38 0.86 - 1.39 0.09 - 1.16 0.15 - 0.25 
OLMN-1 10 Whistle, NR Brz 76 - 75 0.05 - 0.87 1.24 - 1.32 0.10 - 0.24  
Fsp LHZT-2 10 Levack, NR Brz 84 - 83 1.19 - 1.44 1.23 - 1.74 0.28 - 0.52 0.21 - 0.31 
OLMN-2 22 Foy Offset, NR Brz 85 - 83 0.98 - 1.81 0.69 - 1.78 0.08 - 0.33 0.27 - 0.49 
OLGN 
9 Dowling (Levack), NR Brz - Hyp 79 - 78 1.16 - 1.34 0.93 - 1.79 0.11 - 0.41 0.14 - 0.18 
5 Onaping Depth (Levack), NR Brz - Hyp 80 - 79 0.64 - 0.98 1.08 - 1.26 0.09 - 0.24  
OAPY, Levack FW 13 Levack FW Brz 87 - 86 1.68 - 3.24 0.24 - 0.38 0.02 - 0.05 0.08 - 0.17 
M-UM, Levack-Fraser FW 4 Levack-Fraser FW Brz 82 1.12 - 1.24 1.03 - 1.22 0.21 - 0.30 0.18 - 0.27 
OLMN, EBLI 4 EBLI Hyp 75 1.17 - 1.30 1.33 - 1.95 0.34 - 0.43  
Note: ITSM – igneous-textured Sublayer matrix; ORPY – orthopyroxenite; Brz – Bronzite; Hyp – Hypersthene 
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Table 3.4  Summary of compositions of clinopyroxene in the mafic-ultramafic inclusions and comparable mafic-ultramafic country rocks 
Lithology n Subgroup/Location Species Mg#  Al2O3 (wt. %) 
 Cr2O3 
(wt. %) 
ITSM 4 Trill, NR Aug 75 - 71 1.28 - 2.13 0.11 - 0.35 
Fsp LHZT-1 100 Trill, Levack, NR Di - Edi 92 - 82 0.17 - 3.55 0.14 - 0.96 
Layered Fsp LHZT-1 10 Trill, NR Di - Edi 86 - 83 1.60 - 2.52 0.44 - 1.02 
Layered OLGA 9 Trill, NR Sa - Aug 80 - 77 2.45 - 3.05 0.21 - 0.46 
Fsp LHZT-2 4 Levack, NR Di - Edi 85 - 84 2.34 - 2.84 0.64 - 0.93 
WHTE 107 Levack, NR Di - Edi 93 - 83 0.30 - 2.56 0.03 - 0.58 
OLMN-1 10 Whistle, NR Sa - Aug 81 - 79 1.37 - 2.66   
OLMN-2 14 Foy Offset, NR Di - Edi 88 -84 1.61 - 2.44 0.60 - 0.85 
OLGN 
2 Dowling (Levack), NR Di - Edi - Sa - Aug 81 2.11 - 2.14 0.13 - 0.35 
13 Onaping Depth (Levack), NR Di - Edi - Sa - Aug 83 - 81 1.54 - 3.65 0.17 - 0.58 
ORPY 11 Trill, NR; Victor, SR Aug 75 - 70 1.09 - 1.95 0.17 - 0.32 
M-UM, Levack-Fraser FW 12 Footwall of Levack-Fraser  Di 90 - 83 0.40 - 3.03   
OLMN, EBLI 2 EBLI Sa - Aug 77 - 76 2.05 - 2.36 0.26 
Note: Di – Diopside; Sa – Salite; Edi – Endiopside; Aug – Augite 
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Table 3.5  Summary of amphibole (Amp) chemical composition of mafic-ultramafic inclusions and comparable mafic-ultramafic country 
rocks 
Lithology n Subgroup/Location Species Mg# Cr2O3 (wt. %) Al2O3 (wt. %) 
Fsp LHZT 5 Levack, NR Prg 77 0.9 – 1.0 11.0 - 11.2 
Br-MMN 8 Garson, SR Hbl 72 - 61 0.2 - 0.3 5.9 - 8.9 
Gr-MMN 10 Garson, SR Hbl 72 - 59 0 - 0.2 2.7 - 10.2 
MG 37 Footwall of Garson Ts -Hbl 61 - 29 0 - 0.5 13.9 - 18 
OAPY, Levack FW 12 Footwall of Levack Prg 85 - 81 0 - 0.87 11.7 - 14.4 
M-UM, Levack-Fraser FW 20 Footwall of Levack-Fraser Hs-Prg-Hbl 85 - 64 0.0 - 1.1 9.1 - 11.7 
Note: Br-Amp - brown amphibole; Gr-Amp - green amphibole; MG - metagabbro; Br-MMN - brown amphibole in Main Mass Norite; Gr-MMN - green 
amphibole Main Mass Norite; Prg – pargasite; Hbl – hornblende; Ts – tschermakite; Hs – hastingsite 
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Table 3.6  Geochemical characteristics of mafic-ultramafic inclusions, ITSM, and comparable mafic-ultramafic intrusions 
Group Lithologies (n) Localities La/SmN Gd/YbN Zr/Y Zr/Nb Nb/U Zr/Hf Nb/Ta 
ITSM GBBR - NORT (n = 197) 
NR Sublayer: Whistle, Fraser, 
Levack, McCreedy West 
SR Sublayer: Little Stobie, 
Creighton, Crean Hill  
NR: 1.8 – 7.0 
SR: 4.2 – 6.2 
 NR: 1.3 – 4.2 
SR: 1.0 – 2.1 
 NR: 2.5 – 8.3 
SR: 0.8 – 5.8 
 NR: 8.8 – 28.7 
SR: 2.8 – 12.6 
 NR: 4.7 – 45.3 
SR: 1.9 – 21.3 
 NR: 34.7 –39.2 
SR: 30.3 – 32.4  
NR: 6.1 – 21 
SR: 13.4 – 17.1 
I 
OLMN-1 (n = 44) 
OLGN (n = 2) 
Sublayer: Whistle, Levack 
(Dowling and Onaping Depth) 2.3 – 5.4 1.4 – 5.8 5.6 – 8.0 18.1 – 34.0 4.2 – 12.6 34.2 – 39.0 15.0 – 18.8 
IIA WHTE (n = 17) NR Sublayer: Levack  1.3 – 3.0 1.9 – 3.1 1.4 – 2.8 5.2 – 109.1 2.2 – 35.7 21.7 – 34.2 13.0 – 25.5 
IIB OLMN-2 (n = 2) Offset dike: Foy Offset 2.1 – 3.8 0.7 – 1.0 2.5 – 5.3 30 – 69.5 8.6 – 14.1 37.0 – 37.5 19.4 – 21.6 
III 
Phl LHZT (n = 5) 
Fsp LHZT (n = 15) 
ORPY (n = 5) 
OLGA (n = 1) 
Sublayer: Levack, Trill, 
Bowell 
Foy Offset: Foy Offset 
2.9 – 5.0 1.1 – 4.8 3.5 – 11.5 13.4 – 49.3 2.5 – 10.0 32.0 – 42.3 13.6 – 23.0 
OAPY, Levack 
FW OAPY (n = 9) 
Footwall of Levack 
embayment 1.5 1.0 3.7 41.7 3.3 34.0 16.3 
M-UM, Levack-
Fraser FW M-UM (n = 53) 
Footwall of Levack and Fraser 
deposits 0.7 – 4.4 2.3 – 3.8 2.1 – 5.2 10.3 – 36.9 2.0 – 119.8 26.5 – 32.0 4.2 – 22.8 
OLMN, EBLI OLMN (n = 18) EBLI 1.6 – 2.5 1.0 – 1.4 2.3 – 3.3 4.8 – 13.6 2.2   
Note: GBBR – gabbro; NORT – norite
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Table 3.7  Estimation of the composition of parental magma of Group III inclusions 
Note: The proportion of olivine and orthopyroxene was calculated using the lithogeochemical classification method by Stanley (2017) and point counting. WR = 
whole-rock composition; (1)-Bédard, J.H. (2005); (2)-Bédard, J.H. (2007) 
  
  Ba Th U Pb Nb Ta La Ce Nd Zr Hf Sm Eu Ti Gd Tb Dy Ho Er Yb 
WR 111.0 0.9 0.3 2.0 1.1 0.1 6.3 13.9 7.0 29.0 0.8 1.4 0.3 939.0 1.1 0.2 0.8 0.2 0.4 0.4 
DOl/L (1) 0.000 0.003 0.003 0.132 0.001 0.126 0.010 0.007 0.004 0.010 0.009 0.003 0.006 0.025 0.003 0.009 0.009 0.015 0.022 0.005 
DOpx/L (2) 0.012 0.006 0.004 0.033 0.015 0.000 0.003 0.007 0.014 0.014 0.027 0.024 0.022 0.238 0.019 0.044 0.046 0.048 0.098 0.132 
Parental melt 688 5.7 1.9 8.3 6.8 0.3 38 84 43 173 4.6 8.3 2.0 4727 6.4 0.9 4.9 0.9 2.3 1.2 
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Table 3.8  Calculated results of Sm/YbN at variable degrees of batch melting (BM) and fractional melting (FM) of spinel 
peridotite and garnet peridotite 
  BM of Garnet Peridotite FM of Garnet Peridotite 
  Sm Yb Sm/YbN Sm Yb Sm/YbN 
1% 20.3 2.9 7.9 19.7 2.9 7.7 
5% 11.4 2.7 4.8 7.3 2.6 3.1 
10% 7.4 2.4 3.3 2.0 2.4 0.9 
  BM of Spinel Peridotite FM of Spinel Peridotite 
  Sm Yb Sm/YbN Sm Yb Sm/YbN 
1% 16.7 9.3 2.0 16.4 9.3 2.0 
5% 10.2 7.0 1.6 7.5 6.3 1.3 
10% 6.9 5.3 1.4 2.7 3.9 0.8 
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Table 3.9  Mineral compositions determined by EPMA (wt%) and compositional variables calculated for COlP calibration in 
representative Group III mafic-ultramafic inclusions 
Sample # 372980 4919 4920B 4920A  358091 
Lithology Fsp LHZT Fsp LHZT Fsp LHZT OLGA Fsp LHZT 
Localities Trill Trill Trill Trill Levack 
Phase Cpx Ol Pl Cpx Ol Pl Cpx Ol Pl Cpx Ol Pl Cpx Ol Pl 
Analysis spot (n) 5 13 3 4 19 6 11 17 9 5 6 8 5 10 7 
Mineral  
composition 
(wt%) 
SiO2 52.6 39.2 48.3 53.0 39.3 53.9 52.9 39.2 56.0 51.6 37.8 54.7 52.0 39.2 47.3 
σ 0.156 0.197 0.331 0.225 0.180 0.458 0.307 0.177 0.724 0.544 0.220 1.057 0.842 0.165 0.268 
TiO2 0.4 0.0 0.0 0.3 0.0 0.0 0.4 0.0 0.0 0.8 0.0 0.1 0.6 0.0 0.0 
σ 0.028 0.000 0.005 0.065 0.001 0.007 0.077 0.008 0.019 0.087 0.004 0.009 0.208 0.002 0.009 
Al2O3 2.2 0.0 32.4 2.0 0.2 28.8 2.0 0.0 27.4 2.7 0.0 27.9 2.7 0.3 33.2 
σ 0.120 0.002 0.308 0.092 0.349 0.281 0.230 0.002 0.333 0.203 0.001 0.600 0.709 0.451 0.169 
Cr2O3 0.6 0.0 ND 0.6 0.0 ND  0.6 0.0 ND  0.4 <0.008 ND  0.5 0.0  ND 
σ 0.005 0.009  0.026 0.018  0.080 0.018  0.087   0.089 0.002  
FeOT 5.2 19.0  4.8 17.5  5.0 17.4  7.2 24.4  5.7 19.1  
σ 0.250 0.327  0.090 0.546  0.178 0.346  0.290 0.303  0.187 0.322  
Fe2O3 1.1   0.5 1.2   0.4 1.3   0.3 1.2   0.4 1.8   0.4 
σ 0.234  0.038 0.145  0.080 0.322  0.033 0.466  0.048 0.296  0.148 
MnO 0.1 0.3 <0.027 0.1 0.2 <0.027 0.1 0.2 <0.027 0.2 0.4 <0.027 0.1 0.3 <0.027 
σ 0.007 0.008  0.006 0.016  0.010 0.007  0.008 0.007  0.008 0.010  
MgO 16.5 41.4 0.0 16.8 42.7 0.0 16.7 42.7 0.0 15.3 36.7 0.0 15.8 41.3 0.0 
σ 0.069 0.233 0.008 0.098 0.505 0.005 0.211 0.198 0.003 0.466 0.362 0.009 0.329 0.313 0.019 
NiO 0.0 0.1 ND  0.0 0.2 ND 0.0 0.2 ND 0.0 0.1  ND 0.0 0.1 ND 
σ 0.003 0.007  0.009 0.013  0.005 0.005  0.010 0.008  0.004 0.004  
CaO 21.8 0.1 16.0 21.9 0.0 11.7 21.8 0.1 10.0 21.1 0.1 10.8 21.9 0.0 16.8 
σ 0.229 0.012 0.228 0.183 0.007 0.346 0.280 0.032 0.448 0.481 0.006 0.776 0.196 0.010 0.116 
Na2O 0.3 <0.005 2.5 0.4 0.0 4.8 0.4 <0.005 5.8 0.4 <0.005 5.2 0.5 <0.005 2.0 
σ 0.013  0.118 0.007 0.000 0.149 0.036  0.343 0.028  0.408 0.061  0.068 
K2O <0.005 <0.012 0.1 <0.005 0.0 0.3 <0.005 0.0 0.3 <0.005 <0.012 0.5 <0.005 <0.012 0.0 
σ   0.011  0.000 0.067  0.002 0.084   0.104   0.009 
Total 99.8 100.1 99.7 100.0 100.0 100.0 100.1 99.8 99.2 99.7 99.6 99.5 101.5 100.0 99.8 
Compositional 
variables 
x(cpx) 0.124     0.111     0.113     0.185     0.128     
σ 0.004     0.002     0.009     0.005     0.004     
y(cpx) 0.070     0.062     0.066     0.090     0.089     
σ 0.006     0.005     0.009     0.011     0.027     
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f(cpx) 0.030     0.033     0.036     0.033     0.050     
σ 0.006     0.004     0.009     0.013     0.008     
z(cpx) 0.857     0.856     0.852     0.837     0.862     
σ 0.009     0.006     0.011     0.021     0.006     
j(cpx) 0.024     0.029     0.030     0.027     0.035     
σ 0.001     0.000     0.003     0.002     0.004     
x(ol)   0.204     0.187     0.186     0.272     0.206   
σ   0.004     0.007     0.004     0.005     0.004   
ca(pl)     0.777     0.563     0.481     0.521     0.567 
σ     0.011     0.016     0.025     0.039     0.002 
k(pl)     0.003     0.020     0.019     0.027     0.016 
σ     0.001     0.004     0.005     0.006     0.006 
 Note: Mineral formula in terms of cations expressed as atoms per formula unit (apfu), with olivine (Ol), clinopyroxene (Cpx), and plagioclase (Pl) 
were calculated on a basis of 4, 6, and 8 oxygens respectively. Iron was assumed to be all ferrous in olivine and all ferric in plagioclase. Fe3+ in 
clinopyroxene was calculated from stoichiometry following the method of Droop (1987). Uncertainties (σ) are propagated from analytical errors. 
LLD – lower limit of detection; ND – not determined; σ – standard deviation
 
 
152 
 
 
Table 3.10  Results of P-T calculations of Group III inclusions 
Sample Lithology Location Tσfit°C P Mpa σP MPa σfit Depth km 
372980 Fsp LHZT Trill 1050 240 109 1.5 8.7 ± 4.0 
4919 Fsp LHZT Trill 1050 220 190 2.1 8 ± 6.9 
4920B Fsp LHZT Trill 1120 210 166 1.9 7.7 ± 6.0 
4920A  OLGA Trill 1100 220 183 1.6 8 ± 6.7 
358091 Fsp LHZT Levack 900 300 178 0.7 10.9 ± 6.5 
Note: Po = 4.0 kbar and To = Tσfit (see discussion by Ziberna et al., 2017) for all calculations. The effect of changing Po on calculated P is 
negligible, but the effect of changing To on calculated P can be significant, so Tσfit has been selected by minimizing σfit across the 
temperature interval 700 - 1300°C. Because igneous spinel is not present in our assemblages, we have used the COlP (Cpx - Ol - Pl) 
calibration, which may overestimate P by ≤ 100 MPa at P < 500 MPa. All P calculations passed the χ2 test (σfit < 1.73), except for sample 
4920B (within 20% of cut-off value - 1.73). Depth has been calculated assuming a geobarometric gradient of 27.5 MPa/km.  
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Table S3.1  Composition of olivine and atomic proportions based on 4 oxygens of the mafic-ultramafic inclusions and 
mafic-ultramafic country rocks 
Table S3.2  Composition of orthopyroxene and atomic proportions based on 6 oxygens of the mafic-ultramafic 
inclusions, ITSM, and mafic-ultramafic country rocks 
Table S3.3  Composition of clinopyroxene and atomic proportions based on 6 oxygens of the mafic-ultramafic 
inclusions, ITSM, and mafic-ultramafic country rocks 
Table S3.4  Composition of chromite and atomic proportions based on 4 oxygens of the mafic-ultramafic inclusions 
and mafic-ultramafic country rocks 
Table S3.5  Composition of amphibole and atomic proportions based on 24 (OH, F, Cl, O) of the mafic-ultramafic 
inclusions and mafic-ultramafic country rocks 
Table S3.6  Whole-rock geochemistry of the mafic-ultramafic inclusions and ITSM and mafic-ultramafic country 
rocks 
Table S3.7  Mass balance calculation of the effect of melt infiltration in representative samples of Group III using 
Microsoft Excel Solver optimization tool 
Tables S3.1 – S3.7 are attached in excel files. 
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CHAPTER 4  
GENESIS OF SUBLAYER IN THE  
SUDBURY IGNEOUS COMPLEX 
Yujian Wang, C. Michael Lesher*, Peter C. Lightfoot, Edward F. Pattison, and J. 
Paul Golightly 
Mineral Exploration Research Centre, Harquail School of Earth Sciences, Goodman School of 
Mines, Laurentian University, Sudbury P3E 2C6, Canada 
*Corresponding Author E-mail: mlesher@laurentian.ca 
4.1 Abstract 
The Ni-Cu-PGE sulfide mineralization in the 1.85 Ga Sudbury Igneous Complex (SIC) occurs in 
two discrete environments: 1) mineralization along or near the basal contact, including 
disseminated to semi-massive mineralization in inclusion-rich Sublayer, semi-massive to 
fragmental mineralization in underlying anatectic Footwall Breccia (FWBX), and veins and 
disseminations in underlying pseudotachylitic Sudbury Breccia, and 2) disseminated to semi-
massive mineralization in radial and concentric inclusion-bearing quartz diorite (IQD) in offset 
dikes that extend up to 20 km from the basal contact. Understanding the genesis of Sublayer, 
FWBX, and IQD is of great economic implications on the ore-formation process of the world’s 
largest accumulation of Ni-Cu-PGE sulfide mineralization. Sublayer, FWBX, and IQD all 
contain abundant mafic-ultramafic inclusions, some representing anteliths derived from an 
earlier border phase of the SIC, some representing xenoliths derived from local country rocks, 
and some representing exotic xenoliths derived from unexposed upper-middle crustal target 
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rocks. The similar inclusion population indicates a genetic relationship between Sublayer and 
IQD. Sublayer is characterized by a cumulate noritic matrix, whereas IQD is characterized by a 
quartz dioritic matrix, which suggests slower cooling in Sublayer and faster cooling in IQD. All 
of the matrices and most of the inclusions are uniformly enriched in highly incompatible 
lithophile elements, strongly unradiogenic Nd, and radiogenic Os (except for a few olivine 
melanorite/melanorite inclusions at Whistle showing unradiogenic Os), reflecting both a strong 
subduction-related arc and upper continental crustal signature. The overlying Main Mass norite 
is very homogeneous in terms of Hf isotopes, indicating that the impact melt sheet was well 
mixed. However, Sublayer, IQD, and overlying basal Main Mass norites vary widely in their Pb-
S-(Os) isotopic compositions. The majority of mafic-ultramafic inclusions, except for anteliths, 
contain no sulfide and exhibit no signature of Ni-Cu-PGE depletion caused by prior sulfide 
saturation, which indicates that the association between mafic-ultramafic inclusions and Ni-Cu-
PGE sulfide mineralization is most likely attributable to their refractory nature and to their 
similar fluid dynamic behavior rather than a genetic relationship. Anteliths, locally-derived 
inclusions, and local variations in Pb-S-(Os) isotopes must have been generated in situ, requiring 
significant degrees of local thermomechanical erosion, whereas exotic inclusions, except for 
shocked feldspar lherzolite, were derived from mafic-ultramafic protoliths incorporated during 
impact excavation and/or thermomechanical erosion, and physically transported into their current 
locations. Thermomechanical erosion played a significant role in the generation of embayments, 
incorporation of xenoliths and sulfide xenomelts from the country rocks (e.g., EBLI-Nipissing-
Huronian), and formation of isotopic heterogeneity in the basal units. Convective and gravity 
flow likely aided in the horizontal transport of inclusions and sulfide xenomelts into the 
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embayment when the proto-Sublayer contained less inclusions (<45%), but became less 
significant when the proto-Sublayer assimilated more inclusions and became more viscous.  
Key words: Sudbury, Sublayer, Footwall Breccia, Inclusion-Bearing Quartz Diorite, Ni-Cu-PGE 
mineralization, mafic-ultramafic inclusions, thermomechanical erosion, convective flow, gravity 
flow 
4.2 Introduction 
The Sudbury Structure is one of the oldest (1.8 Ga), largest (up to 250 km diameter), and 
best exposed terrestrial impact structures (e.g., Grieve and Therriault, 2000), and contains 
some of the world’s largest magmatic Ni-Cu-PGE sulfide deposits (e.g., Naldrett, 2004; 
Lightfoot, 2016). The Sudbury Structure comprises the Sudbury Igneous Complex (SIC), 
overlying fall-back breccias, suevites, and basin-fill sediments of the Whitewater Group 
(e.g., Muir and Peredery, 1984; Rousell, 1984; Ames et al., 2002), and underlying 
pseudotachylitic, anatectic, and contact-metamorphosed breccias, and it straddles the 
boundary between the 2.7 – 2.6 Ga Superior Province to the North, East, and West (North 
Range) and the 2.5 – 2.2 Ga Southern Province to the South (South Range) (Fig. 4.1). The 
Superior Province in this area consists mainly of felsic-mafic gneisses of the 2.6-2.7 Ga 
Levack Gneiss Complex (e.g., Krogh et al., 1984), the 2.6 Ga Cartier Granite (Meldrum et 
al., 1997), and minor mafic-ultramafic rafts/intrusions (e.g., Moore et al., 1993, 1994, 
1995). The Southern Province comprises metabasalts, metarhyolites, and metasedimentary 
rocks of the 2.5-2.2 Ga Huronian Supergroup, associated with 2.5 Ga East Bull Lake suite 
mafic intrusions, and 2.2 Ga Nipissing suite mafic intrusions.  
The SIC comprises a Main Mass, interpreted to be the remnants of an impact melt sheet, an 
underlying discontinuous inclusion-rich Sublayer, and radial and concentric offset dikes 
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(Fig. 4.1). The Main Mass is differentiated into a lower noritic unit, a transitional quartz 
gabbroic unit, and an upper granophyric unit. Sublayer is a discontinuous (0-500m), 
heterogeneous, fine- to medium-grained, inclusion-rich, noritic to gabbronoritic unit that is 
localized in embayments, funnels, and troughs along the basal contact of the Main Mass 
(e.g., Souch et al., 1969; Naldrett et al., 1984; Lightfoot et al., 1997a, b). Sublayer on the 
North Range is commonly underlain by locally mobilized anatectic Footwall Breccia 
(FWBX, e.g., Coats and Snajdr, 1984; McCormick et al., 2002), which is also 
heterogeneous, consisting of abundant inclusions of a wide range of shape, size, and 
mineralogy within a fine- to medium-grained igneous to subigneous felsic-intermediate 
matrix. Offset dikes contain an analogous inclusion-rich phase with a quartz dioritic matrix 
that is referred to as Inclusion Quartz Diorite (IQD). Sublayer, FWBX, and IQD all contain 
variable amounts of Fe-Ni-Cu sulfides. On the North Range Sublayer grades downwards 
through FWBX into semi-massive to massive contact ores, whereas on the South Range 
Sublayer less commonly grades downwards through FWBX but normally grades 
downwards directly into semi-massive to massive contact ores (e.g., Souch et al., 1969; 
Naldrett, 1984; Lightfoot, 2016).  
The abundant inclusions within the Sublayer, FWBX, and IQD comprise gneissic, 
metavolcanic, and metasedimentary xenoliths derived from local country rocks (Souch et 
al., 1969; Grant and Bite, 1984) and a variety of mafic-ultramafic lithologies: harzburgite, 
phlogopite lherzolite, feldspar lherzolite, wehrlite, olivine clinopyroxenite, orthopyroxenite, 
olivine melanorite, olivine melagabbronorite, and olivine gabbro on the North Range 
(Wang et al., Ch 3), and harzburgite, olivine orthopyroxenite, orthopyroxenite, troctolite, 
and olivine melanorite on the South Range (Scribbins et al., 1984). The inclusions vary 
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from a few cm (Hewins, 1971) to tens of m in diameter (Naldrett et al., 1972; Wang et al., 
Ch 3). Locally derived inclusions are typically angular to subangular and mafic-ultramafic 
inclusions are typically subrounded to rounded, but can have almost any shape (McNutt, 
1970). The textures of mafic-ultramafic inclusions vary widely from igneous (e.g., 
orthocumulate, poikilitic, and interstitial) through shock metamorphic (e.g., shock 
mosaicism in olivine, planar deformation features in orthopyroxene, and partial 
isotropization in plagioclase: Wang et al., 2016, 2018) to tectonic metamorphic (e.g., 
porphyroclastic, granoclastic, hornfelsic, and recrystallized). The contact between 
inclusions and ITSM is commonly sharp, occasionally with chlorite and carbonate coatings. 
Feldspar lherzolite inclusions exhibit 5 – 7 mm wide orthopyroxenite reaction zones with 
ITSM.  
The mafic-ultramafic inclusions are interpreted to be of multiple origins (e.g., Vos and 
Moorhouse, 1965; Souch et al., 1969; Card and Pattison 1973; Rae, 1975; Pattison, 1979; 
Grant and Bite, 1984; Naldrett et al., 1984; Scribbins et al., 1984; Moore et al., 1993, 1994, 
1995; Morrison et al., 1994; Corfu and Lightfoot, 1996; Lightfoot et al., 1997a, b; Farrell 
1997; Zhou et al., 1997; Cohen et al., 2000; Wang et al., Ch3): 
(1) Cognate: Anteliths derived from remnants of unexposed parts of the SIC (Naldrett et al., 
1984) or earlier Sublayer cumulates (Lightfoot et al., 1997a, b; Farrell, 1997). Crystallization of 
any known SIC magma would not produce comparable olivine-orthopyroxene assemblages 
(Prevec, 2000), which has been interpreted to require contributions from i) mantle-derived 
magmas (e.g., Lightfoot et al., 1997a, b; Farrell, 1997), ii) unspecified more primitive magmas 
(Corfu and Lightfoot, 1996; Zhou et al., 1997), and/or iii) melted pre-existing mafic country 
rocks (Prevec, 2000; Prevec et al., 2000).  
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(2) Local: Xenoliths derived from local country rocks, including Nipissing diabase intrusions 
(Card and Pattison 1973), East Bull Lake suite intrusions (Pattison, 1979), and ultramafic bodies 
in the Levack Gneiss (Pattison 1979; Moore et al., 1993, 1994, 1995). However, no systematic 
comparison of petrography and geochemistry has been conducted for the inclusions and these 
target rocks.  
(3) Exotic: Xenoliths derived from unexposed mafic-ultramafic intrusions (e.g., Rae, 1975; 
Kuo and Crocket, 1979; Scribbins, 1984; Morrison et al., 1994; Cohen et al., 2000; Wang 
et al., 2018). 
There is no consensus on the mechanism(s) of formation of Sublayer, with some 
suggesting that it represents a mixture of splash-emplaced impact melt and fragments 
driven up the walls of the crater (Pattison, 1979), and some suggesting that it crystallized 
from a hybrid melt formed either by mixing between the impact melt and a mantle-derived 
high-Mg magma (Naldrett and Kullerud, 1967; Naldrett et al., 1984; Zhou et al., 1997) or 
mixing between the impact melt and a basaltic melt derived by melting mafic footwall 
rocks (Golightly, 1994; Lightfoot et al., 1997a; Prevec, 2000; Prevec et al., 2000; Prevec 
and Cawthorn, 2002).  
Because Ni-Cu-PGE mineralization is so closely associated with Sublayer, FWBX, and 
IQD, in particular parts containing mafic-ultramafic inclusions, understanding the 
formation of Sublayer, FWBX, and IQD, and the origin of the mafic-ultramafic inclusions 
are critical to understanding the genesis of the Ni-Cu-PGE mineralization in the SIC. The 
mineralization in many magmatic Ni-Cu-PGE deposits (e.g., Aguablanca: Tornos et al. 
2001; Duluth: e.g., Ripley and Alawi, 1986; Noril’sk: e.g., Lightfoot and Zotov, 2007; 
Platreef: Kinnaird et al., 2005; Voisey’s Bay: Li and Naldrett, 2000) is associated with 
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inclusions, so the results have wider implications and applications. This study builds on 
work by Wang et al. (2016, 2018) on shock metamorphic features in the mafic-ultramafic 
inclusions and by Wang et al. (Ch 3) on the mineralogy and geochemistry of the mafic-
ultramafic inclusions, and focusses on the genesis of Sublayer and relationship between the 
Sublayer/mafic-ultramafic inclusions and the Ni-Cu-PGE mineralization. 
4.3 Definition of Sublayer 
Definitions and classifications of Sublayer, FWBX, and IQD have varied over the years with 
some workers considering them all to be facies of the same unit and some considering them to be 
fundamentally different. For example, Hawley (1962), Souch et al. (1969), and Pattison (1979) 
considered IQD and FWBX to be facies of Sublayer, but Lightfoot et al. (1997c) considered 
dike-hosted IQD (which has a QD matrix) to be separate from contact-associated Sublayer 
(which has a noritic matrix) and FWBX (which has an anatectic non-QD, non-noritic matrix). 
The principal characteristics of basal Main Mass norite, Sublayer, FWBX, and IQD are 
summarized in Table 4.1. 
Sublayer is a mixture of varying proportions of three components: 
1) Igneous-textured silicate matrix (ITSM) (0% in massive sulfide, up to 100% in barren 
inclusion-free Sublayer)  
2) Silicate rock inclusions (0-50%, but locally up to 90%: Grant and Bite, 1984) 
3) Magmatic Cu-Ni-Fe sulfide (0% in barren Sublayer, up to 100% in massive sulfide) 
Sublayer and Main Mass norite share some geochemical similarities, but there are significant 
differences in major and trace element contents (Lightfoot et al. 1997c; Wang et al., Ch 3). 
However, given that Sublayer and IQD contain facies with similar populations of inclusions 
(Lightfoot et al. 1997b), that Sublayer and overlying Norite exhibit ambiguous cross-cutting 
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relationships indicating more-or-less simultaneous emplacement (Naldrett 1984), and that even 
where there are unambiguous cross-cutting relationships (e.g., inclusions of QD in IQD), the 
timing relationships are very tight, we consider Sublayer, Offset IQD, and Breccia Belt IQD to be 
facies of the same complex and dynamic unit.  
The relative ages of Main Mass, Sublayer, and FWBX are complex and controversial. Sublayer 
only locally contains inclusions of Mafic Norite (Naldrett and Kullerud, 1967; Grant and Bite, 
1984; Naldrett et al., 1984). The contact between Sublayer and FWBX is sometimes gradational 
(Naldrett et al. 1984; McCormick et al. 2002). Gregory (2005) noted that FWBX at McCreedy 
East grades upwards from (i) intact footwall rocks veined by sulfide, through (ii) angular 
unrotated clasts in a sulfide matrix, into (iii) subrounded (melted) rotated clasts in a sulfide 
matrix, into (iv) Sublayer. However, the contact may also be very sharp (e.g., Whistle: Carter et 
al., 2009; Fig. 4.2). Diapir-like bodies of FWBX locally extend upwards through Sublayer and 
into the basal Main Mass in the Levack Embayment (see Coats and Snajdr, 1984) and near the 
Gertrude Mine on the South Range (Fig. 4.3). It appears that Sublayer differs from FWBX 
mainly in the nature of the matrix (partially melted footwall rocks in FWBX, norite in Sublayer) 
and proportions of inclusion lithologies (mainly footwall rocks in FWBX, mainly variable 
proportions of footwall rocks and mafic-ultramafic inclusions in Sublayer). 
Key Points: 
1) Sublayer, FWBX, and IQD may all be barren, but are normally at least weakly mineralized.  
2) All contain a wide variety of locally-derived inclusions. 
3) All also contain “exotic” mafic-ultramafic inclusions, especially where mineralized. 
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4) Sublayer contains cumulus orthopyroxene and plagioclase and exhibits ophitic to locally 
porphyritic textures, indicating slower crystallization, whereas IQD exhibits finer-grained 
locally spherulitic and dendritic textures, indicating more rapid crystallization 
5) Breccia Belt IQD and FWBX contain sulfide clasts, indicating reworking of previously 
crystallized sulfides. 
4.4 Petrography of Igneous-Textured Sublayer Matrix (ITSM)  
Igneous-textured Sublayer matrix (ITSM) is fine- to medium-grained subophitic to locally 
porphyritic norite, leuconorite, or gabbronorite (Naldrett and Kullerud, 1967). It comprises 30-
50% cumulus orthopyroxene and 30-40% cumulus plagioclase laths with variable amounts of 
clinopyroxene, intercumulus quartz and/or micrographic intergrowths of quartz ± plagioclase ± 
microcline, biotite ± amphibole, iron oxides, and rare cumulus olivine (Naldrett et al., 1984; 
Lightfoot, 2016). In many cases pyroxenes are replaced by amphibole-chlorite-biotite-(talc) and 
plagioclase is locally replaced by sericite.  
Major textural variants are described in Table 4.2. 
1) Ophitic Sublayer is characterized by a fine-grained subophitic (non-cumulate) texture, 
abundant unzoned to weakly zoned plagioclase, variable orthopyroxene: clinopyroxene 
ratios, and variable quantities of interstitial quartz, granophyre, and microcline (Fig. 4.4A). 
Olivine with thin orthopyroxene rims is sporadically present (Fig. 4.4B; e.g., Whistle, Ella).  
2) Cumulus orthopyroxene-rich Sublayer is generally coarser-grained than Ophitic Sublayer and 
characterized by the presence of abundant prismatic cumulus orthopyroxene (Fig. 4.4C). 
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3) Porphyritic orthopyroxene-rich Sublayer is similar to cumulus orthopyroxene-rich Sublayer, 
but is characterized by large prismatic phenocrysts of orthopyroxene (Fig. 4.4D). In some 
localities these contain abundant blebby exsolution clinopyroxene.  
Where detailed petrography has been done (e.g., Whistle and proximal Foy Offset: Pattison 
1979), the amount of felsic and interstitial material increases towards the footwall contact, 
primary (non-xenocrystal) olivine is present only in quartz-free zones adjacent to the upper 
contact with the main SIC (Fig. 4.4B), and there is an increase in Fe: Mg ratio of both clino- and 
orthopyroxene towards the footwall contact. These variations suggest that the lower parts of 
Sublayer have been contaminated by assimilation of underlying rocks. 
Sublayer contains highly variable abundances (trace-100%) of Fe-Ni-Cu sulfides 
(monoclinic and lesser hexagonal pyrrhotite, pentlandite, chalcopyrite, pyrite, and lesser 
cubanite, bornite, millerite) and a wide variety of minor antimonides, arsenides, 
bismuthides, tellurides, and native metals (e.g., Cabri and Laflamme, 1976; Naldrett, 1984). 
Sulfide textures in well-preserved, undeformed sections (e.g., Murray Mine: Souch and 
Podolsky 1969) vary downwards from disseminated, coarse disseminated (less common in 
Sublayer than in IQD), through matrix-textured to semi-massive and massive. Sulfide-poor 
Sublayer is typically richer in pyrrhotite and poorer in chalcopyrite and PGMs than sulfide-
rich Sublayer (or IQD or FWBX).  
4.5 Distribution of Sublayer 
Sublayer is localized within depressions at the base of the Main Mass, some of which are broad 
and shallow and referred to as embayments (e.g., Levack, Trill), some of which are narrow and 
deep and referred to as troughs (e.g., Creighton), and some of which are troughs to offset dikes 
(e.g., Foy, Whistle), but some dike troughs do not contain Sublayer (e.g., Copper Cliff). The 
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thickness of Sublayer is highly variable and is related to topography along the footwall contact: 
no Sublayer is present along relatively planar segments of the contact; it is 10-100m thick within 
shallow embayments (e.g., Little Stobie, Murray), and it may be up to 700m thick within major 
embayments (e.g., Whistle; Trill).  
Table 4.3 summarizes the geological features of major Sublayer-hosting structures on the North 
and South Ranges. The Whistle embayment is described in detail below as a representative North 
Range occurrence, and the Little Stobie embayment is described in detail as a representative 
South Range occurrence.  
4.5.1 Whistle Embayment 
The Whistle Embayment has been described by Pattison (1979), Grant and Bite (1984), Farrell 
(1997), Lightfoot et al. (1997a, b), Murphy and Spray (2002), and Carter et al. (2009). It is a 
trough-shaped depression in the northeast corner of the SIC (Fig. 4.2), which is ~350m wide at 
the contact with the Main Mass, and extends outwards into Whistle offset dike and possibly 
correlates with the fault-displaced Parkin offset dike. It is filled with Sublayer that grades upward 
into Mafic Norite over a distance of less than 1m (Pattison, 1979; Lightfoot, 2016) and is 
underlain by mobilized FWBX (referred to as “metabreccia” by some authors) of the Whistle 
dike, which contains discontinuous lenses and pods of quartz diorite (Pattison, 1971; Farrell, 
1997; Carter et al., 2009; Lafrance et al., 2014).  
Pattison (1979) noted a zonation in the Sublayer norite, with orthopyroxene-rich igneous 
Sublayer along the SE margin, more siliceous Sublayer along the NW margin, and rare olivine-
bearing Sublayer only occurring immediately below Mafic Norite. Grant and Bite (1984) noted 
an increase in quartz-rich Sublayer as the embayment narrows into the Whistle offset dike. The 
Sublayer matrix generally contains disseminated sulfides, but massive sulfides occur along the 
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margins (Farrell, 1997). Sulfides in the Whistle embayment are predominantly pyrrhotite, with 
granular pentlandite and occasional 1 mm – 1 cm pyrite porphyroblasts (up to 5 modal percent of 
the total sulfide: Lightfoot et al., 1997b; Lightfoot, 2016), and sulfides tend to be richer in 
chalcopyrite towards the base of the embayment (Lightfoot et al., 1997a).  
The inclusion population comprises: (1) abundant oxide-rich fine-grained diabase (Farrell, 1997); 
(2) common mafic-ultramafic inclusions (melanorite, olivine melanorite, and highly altered 
metapyroxenite: Farrell, 1997); (3) rare (<1% of all inclusions) altered anorthosite, gabbro, 
footwall gneiss, and leucocratic pods (Lightfoot, 2016). No inclusions of dunite, peridotite, 
harzburgite, or websterite were observed in the Whistle pit (Farrell, 1997). The diabase 
inclusions are commonly a few centimeters in size (rare up to 1 meter), and tend to have sharp 
contacts with the Sublayer matrix. Lightfoot (2016) indicated that the diabase inclusions are 
texturally and mineralogically similar to the 1 – 30 m thick diabase bodies (e.g., Matachewan 
diabase dikes) exposed in the footwall rocks of the Whistle Mine. The mafic-ultramafic 
inclusions range in size from five centimeters to several meters. The contacts between the mafic-
ultramafic inclusions and ITSM can be sharp and defined by slickensided surfaces to broadly 
gradational over a few centimeters and defined by a change in grains size and texture (coarse-
grained and cumulate-poikilitic texture in the inclusions and medium-grained porphyritic texture 
in ITSM) (Farrell, 1997). The olivine melanorite and melanorite inclusions commonly contain 
weakly disseminated (<0.5%) to blebby or patchy (>1%) sulfides (Farrell, 1997). In contrast, 
pyroxenite inclusions tend to have sharp margins and are broken-up by veins of pyrrhotite 
(Lightfoot et al., 1997a).  
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4.5.2 Little Stobie Deposit 
The geology of the Little Stobie Mine was described by Davis et al. (1984) from which most of 
this section is taken. It is located in Blezard Township on the South Range of the SIC, ~ 5 km 
north of downtown Sudbury. The Little Stobie ore deposit is located in a shallow embayment 
with a strike length of 670 m and an average thickness of 90 m that projects into the footwall 
rocks up to 520 m. The contact between the Sublayer and the hanging-wall quartz-rich norite is 
generally gradational and defined by the increasing abundance of inclusions and sulfides in the 
Sublayer, whereas the contact between the Sublayer and the footwall is abrupt. 
Sublayer norite is fine- to medium-grained and consists on average of 46% lathy plagioclase, 25% 
prismatic to subophitic clinopyroxene and orthopyroxene, 13% quartz, 9% hornblende, and 7% 
biotite. Sulfides in the Little Stobie Mine exhibit disseminated, stringer, and massive textures, 
and mainly comprise pyrrhotite, chalcopyrite, and pentlandite. There are two major orebodies. 
Number 1 occurred along the contact between the Sublayer and the footwall and extended 610 m 
along the contact, whereas Number 2 occurred as an appendage almost perpendicular to the 
Number 1 orebody and protruded 520 m into the footwall.  
The inclusion population included predominantly two-pyroxene gabbros, less abundant 
ultramafic inclusions, minor quartz-rich norites with interstitial sulfide, and locally-derived 
metavolcanic, metamorphosed basalt and granite inclusions. The two-pyroxene gabbro inclusions 
ranged from ~2 cm to ~50 m in diameter, and were rounded to sub-rounded in shape. The 
ultramafic inclusions consisted of harzburgite, olivine orthopyroxenite, orthopyroxenite, olivine 
melatroctolite, and melanorite, and were small and generally rounded in shape. They were often 
rimmed by amphibole, talc, chlorite, or biotite. The two-pyroxene gabbro, ultramafic inclusions, 
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and footwall-derived inclusions were generally barren, but contained rare sulfide fracture fillings. 
In contrast, the quartz-rich norite inclusions contained interstitial sulfides. 
4.6 Geochemical characteristics of Sublayer  
ITSM is relatively constant within individual embayments, but varies from embayment to 
embayment (Lightfoot, 1997a). It normally ranges between 4 and 12% MgO, but an 
orthopyroxene-porphyritic facies at Creighton ranges up to 17% (Lightfoot et al., 1997a). 
ITSM on the North Range generally has higher Mg than that on the South Range, except 
for the orthopyroxene-rich facies at Creighton. In general, Fe increases with increasing Mg 
and Al-Na-(Ti) and decreases with increasing Mg. Calcium exhibits two overlapping 
trends: one in which Ca increases with increasing Mg (North and South Ranges) and one in 
which Ca decreases with increasing Mg (North Range only). These trends suggest that 
ITSM has accumulated orthopyroxene (North Range only) and/or clinopyroxene (North 
and South Ranges).  
The trace element composition of ITSM in the Whistle trough is systematically different 
from that of the felsic norite in the Main Mass, e.g., less enrichment of HILE, lower Zr-Nb-
Ta-Th-U contents, and flatter HREE patterns (Lightfoot et al., 1997b). The trace element 
patterns of ITSM at Whistle and McCreedy West on the North Range are mostly similar, 
whereas the patterns of ITSM at Creighton, Little Stobie, and Crean Hill on the South 
Range are different from to each other and from those on the North Range (Lightfoot, 
2016).  
Geochemical and mineral chemical characteristics of ITSM and mafic-ultramafic 
inclusions are described in detail in Wang et al. (Ch3). Here we summarize the most 
important features and origins of the mafic-ultramafic inclusions, as listed in Table 4.4.  
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(1) Anteliths (“cognate xenoliths”) comprise Group I igneous-textured olivine 
melanorite and olivine melagabbronorite inclusions in the Whistle and Levack (Onaping 
Depth and Dowling) embayments. They similar Nb/U, Zr/Hf, and Nb/Ta ratios and εNd 
values as ITSM. This suggests that Group I inclusions are most likely anteliths, but as 
noted by Prevec (2000) and Prevec et al. (2000), the abundance of olivine requires a 
contribution from a more mafic component. Based on the Os isotopic data, this 
component may have crystallized from a magma derived by partial melting of older 
crustal rocks with low Re/Os ratios and unradiogenic Os isotope compositions (Wang et 
al., Ch3). 
(2) Local xenoliths comprise Group IIA shock metamorphosed and recrystallized 
wehrlite – olivine clinopyroxenite inclusions in the Levack embayment and Group IIB 
shock metamorphosed olivine melanorite inclusions in the Foy offset dike. Group IIA 
inclusions have more pronounced negative Th-U and Zr-Hf anomalies, more variable 
Nb/U ratios, and wider range of subchondritic Zr/Hf ratios and superchondritic Nb/Ta 
ratios relative to ITSM, but similar trace element characteristics (e.g., negative Th-U, 
Nb-Ta-(Ti), Sr, and Zr-Hf anomalies) compared to a layered mafic-ultramafic body in 
the footwall of Levack and Fraser deposits. They likely represent fragments from a local 
mafic-ultramafic intrusion that was petrogenetically related to the layered mafic-
ultramafic intrusion in the footwall of Levack-Fraser mine. Group IIB inclusions are 
characterized by much lower abundances of trace elements, insignificant HILE 
enrichment, moderate Nb-Ta depletion, no Th-U, Zr-Hf, or Ti anomalies, and much less 
REE fractionation relative to ITSM, but have Zr/Y, Zr/Nb, Nb/U, Ta/Yb, and Th/Yb 
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ratios similar to Group IIA inclusions. Group IIB are most likely also local xenoliths 
derived from a now-consumed or now-hidden source.  
(3) Exotic xenoliths comprise Group III phlogopite/feldspar lherzolite and olivine 
gabbro inclusions in the Trill, Levack, and Bowell embayments and the Foy offset dike. 
They define no equivalents in the exposed country rocks. Phlogopite lherzolites are 
characterized by more significantly negative Th-U and Sr anomalies, greater 
LREE/HREE fractionation, and significantly lower Nb/U ratios, and feldspar lherzolites 
are characterized by lower absolute abundances of trace element and lower Nb/U ratios 
compared to ITSM. Feldspar lherzolites in the Trill embayment exhibit orthopyroxene 
reaction rims against ITSM, suggesting disequilibrium with the impact melt, and one 
composite inclusion exhibits igneous layering of feldspar lherzolite and olivine gabbro, 
suggesting derivation from one or more unexposed layered mafic-ultramafic intrusion(s). 
The calculated parental magma is similar to continental arc basalt formed by 
approximately 5% batch melting of garnet peridotite. Ol-Cpx-Pl geobarometry indicates 
crystallization at low pressure (210 – 240 MPa, equivalent to a depth of 7.7 – 10.9 km: 
Wang et al., 2018) and relatively high temperatures (1050 – 1120°C), and therefore a 
relatively shallow excavation depth (Wang et al., 2018). The majority of Group III 
inclusions appear to be derived from deeper mafic-ultramafic protoliths, except for the 
shock metamorphosed feldspar lherzolite, which failed to conduct gaobarometry 
calibration due to shock- and thermal-induced disequilibrium, and is characterized by 
more enrichment of Ni in olivine (NiO ~ 0.4% vs 0.1 – 0.2%) and very low Gd/YbN 
(1.06 vs 2.20 – 4.75) compare to the igneous feldspar lherzolite in Group III. Although 
it is difficult to draw any certain conclusion with limited information, it appears that this 
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shocked metamorphosed feldspar lherzolite may have been derived from shallower and 
hidden protolith. 
The majority of ITSM contains relatively high S (0.2 – 8%) in ITSM exhibits a positive 
correlation between Ni and S, suggesting that the Ni content is mainly controlled by 
magmatic sulfide, particularly pentlandite. The mafic-ultramafic inclusions contain few if 
any sulfides (Ni < 1000 ppm, S < 0.5%; Fig. 4.5) (e.g., Farrell, 1997; Lightfoot et al., 
1997b), except for melanorite and olivine melanorite anteliths in the Whistle embayment, 
which contain disseminated or net-textured Fe-rich sulfides (Ni = 200 – 2000 ppm, S = 0.5 
– 3%; Fig. 4.5), and gabbro inclusions in the Little Stobie Mine, which contain fine 
disseminations and/or fracture fillings of sulfide (Wang et al., Ch 3; Davis, 1984). Naldrett 
and Kullerud (1967) noted that disseminated sulfides throughout the matrix of the 
Strathcona Embayment preferentially encircle inclusions, but never occur in appreciable 
amounts within the inclusions.  
4.7 Isotope Geochemistry of Sublayer 
The Sm-Nd, Lu-Hf, Pb-Pb, S, and Re-Os isotope geochemistry of Sublayer, Main Mass, 
and country rocks provide additional constraints on the origin of the inclusions. 
4.7.1 Sm-Nd Isotopes 
The Sm-Nd isotopic compositions of SIC lithologies, mafic-ultramafic inclusions in 
Sublayer and IQD have been studied by Faggart et al. (1985), Lightfoot and Naldrett 
(1989), Dickin et al. (1992, 1996, 1999), Jolly et al. (1992), Prevec et al. (2000), and 
Prevec and Baadsgaard (2005), and are plotted as εNd1850 Ma values in Figure 4.6. 
Excluding several outliers, εNd1850 Ma values for all SIC lithologies, mafic-ultramafic 
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inclusions (regardless of inclusion type or locality), and the mafic-ultramafic intrusions in 
the footwall of the Levack and Fraser deposits range between -11 and -4. Plagioclase-
phyric basalt and gabbro inclusions range -9.5 to -8.5 and -6 to -1, Nipissing Diabase 
ranges -10.5 to -3, Thessalon volcanic rocks range -12 to -6, EBLI intrusions in 
Falconbridge and Drury Townships range -6 to -1, and two Levack Gneiss samples range -
11 to -9. Main Mass lithologies are mainly -10 to -7, ITSM is mainly -10 to -4, and 
Sublayer/IQD inclusions -8 to -5. 
The data confirm a strong continental crustal signature for all components of the SIC (e.g., 
Faggart et al., 1985; Dickin et al., 1992; Prevec et al., 2000), including all of the mafic-
ultramafic inclusions. Only two McCreedy West ITSM samples with near-zero εNd1850 Ma 
values provide evidence for a more primitive contaminant (Prevec et al., 2000).  
4.7.2 Lu-Hf Isotopes 
No Sublayer inclusions have yet been analyzed for Lu-Hf isotopes, but Darling and Moser 
(2012) and Kenny et al. (2017) showed that offset dikes and Main Mass lithologies on the 
North and South Ranges vary narrowly between +9 and +12 εHf1850 Ma and that target rocks 
vary widely between -40 and +2 εHf1850 Ma. This requires the melt sheet to have been 
homogenized during impact mixing and/or during subsequent convection. Kenny et al. 
(2017) attributed the greater homogeneity of the Hf isotopic system to it being much less 
volatile than Pb (or S: see below) and therefore much less susceptible to modification 
during post-impact thermomechanical erosion.  
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4.7.3 Pb-Pb Isotopes 
The Pb-Pb isotopic compositions of Sudbury ore sulfides, Main Mass and offset lithologies, 
and country rocks have been studied by Dickin et al. (1992, 1996), Darling et al. (2010a, 
2010b, 2012), and McNamara et al. (2017). On average, North Range Main Mass has a less 
radiogenic Pb isotope composition with a Δ207Pb/204Pb1 frequency peak at +325, whereas 
the South Range Main Mass has a frequency peak at +425 (fig. 10 in McNamara et al., 
2017), but there are significant isotopic variations from range to range (-22 to 98 for North 
Range mines vs -57 to +516 for South Range mines: Dickin et al., 1996) and from 
embayment to embayment (e.g., -20 to -57 for Frood mine, +168 to +360 for Falconbridge 
mine), whereas granophyre has a much more homogeneous Pb isotopic composition (+310 
to +375: McNamara et al., 2017). The Huronian Supergroup (footwall to the South Range) 
has a Δ207Pb/204Pb frequency peak at +550; East Bull Lake Intrusive Suite ranges from 50 
to 400 Δ207Pb/204Pb; Nipissing Diabase ranges from +525 to +575 Δ207Pb/204Pb; the 
Superior Province (footwall to the North Range) has a Δ207Pb/204Pb frequency peak at +50; 
Onaping Formation (assimilated by the upper felsic melt) corresponds to the vast majority 
of the granophyre of the Main Mass. The Δ207Pb/204Pb of South Range ores occurs between 
the Pb isotopic compositions of South Range Main Mass and the Nipissing and the East 
Bull Lake Intrusive Suites (McNamara et al., 2017), whereas the Δ207Pb/204Pb of North 
Range ores occurs between the Pb isotopic compositions of North Range Main Mass and 
East Bull Lake Intrusive Suite (McNamara et al., 2017). North Range mafic norite is less 
radiogenic than overlying felsic norite but is similar to North Range ores, suggesting that 
                                                 
1 Δ207Pb/204Pb = 1000 * (207Pb/204Pbsample – 207Pb/204PbIsochron). The207Pb/204PbIsochron is referred to Kramers and 
Tolstikhin (1997) at 1.85 Ga, which is defined as 0.113 * 206Pb/204Pbsample + 13.199. 
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mafic norite is more closely associated with the Sublayer and sulfide ores than overlying 
Main Mass. 
Dickin et al. (1992, 1996, 1999) attributed larger-scale variations in the Pb isotopic 
compositions of the ores on the North and South Ranges to heterogeneities in the target 
rocks and smaller-scale variations to incomplete homogenization of the melt sheet. Darling 
et al. (2010a, 2010b) suggested that some large-scale variations in target lithologies were 
preserved in the melt sheet, but that small-scale heterogeneities reflected digestion of local 
target-rocks, fallback material, and entrained clasts. McNamara et al. (2017) and Kenny et 
al. (2017) suggested that the melt sheet may have been originally more homogeneous in Pb 
isotopic composition and that volatilization of Pb during impact made the Pb system more 
sensitive to incorporation of Pb during subsequent post-impact thermomechanical erosion 
of isotopically heterogeneous footwall rocks. 
4.7.4 S Isotopes 
The mass-dependent 32S and 34S isotopic compositions of sulfides in Sudbury ores, 
Sublayer, Main Mass, and overlying and underlying rocks have been studied by Thode et 
al. (1962), Schwarcz (1973), Whitehead et al. (1990), Papineau et al. (2007), Ames et al. 
(2010), Tuba et al. (2014), and Ripley et al. (2015) and are plotted in Figure 4.7. North and 
East Range ores vary primarily between +2 and +4 ‰ δ34S; South Range ores vary 
primarily between 0 and +3 ‰. Main Mass norites vary less, but East Range and North 
Range Main Mass are slightly heavier than South Range and West Range Main Mass. 
Huronian sulfides range widely between -12.5 and +31.2 ‰, but are mostly within the 
range from -0.8 to +5.9 ‰. 
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There are also significant heterogeneities in the basal norite, Sublayer, and Footwall rocks. 
For example, Crean Hill norite ranges -1.0 to +3‰ δ34S, whereas Crean Hill Sublayer ores 
range -2.0 to 1.2 ‰ δ34S. Creighton Sublayer ores range +0.8 to +3.6 ‰ δ34S, whereas 
Creighton footwall ores range -1.0 to +3.9 ‰ δ34S. Garson contact ores range +0.2 to 
+2.5 δ34S, whereas Garson Ramp ores range +0.2 to +1.4 δ34S. Levack Sublayer ores and 
Levack footwall ores both range from +0.8 to +4.4 ‰ δ34S, except for a few outliers at    -
2.1 ‰ and +7.2 ‰ δ34S. There does not appear to be any correlation between S isotope 
composition and the overall grade or tonnage of sulfide mineralization: high-grade and 
low-grade deposits have similar ranges in δ34S (Ripley et al., 2015).  
4.7.5 Re-Os Isotopes 
Τhe Re-Os isotopic compositions of sulfides in Sublayer, mafic-ultramafic inclusions, and 
some country have been studied by Walker et al. (1991), Dickin et al. (1992, 1999), Cohen 
et al. (2000), and Morgan et al. (2002), and are plotted as γOs1850 Ma values in Figure 4.8. 
Most of the analyzed contact and proximal footwall ores range between 0 and +750, but 
Strathcona Deep Copper footwall ores vary between -490 and +1190 γOs1850 Ma. Some 
Sublayer inclusions fall within this range, but several S-rich gabbro and S-poor melanorite 
inclusions from Whistle range down to -250. Copper Cliff rhyolite and McKim 
metasediment in the footwall of the South Range range between +300 and +480, similar to 
South Range ores. Huronian granitoids and sediments range widely between +1660 and 
+930. Levack gneiss in the North Range footwall is +330, similar to North Range ores.  
The moderately to highly radiogenic γOs1850 Ma values of the sulfides in Sublayer indicate 
that the Os was derived largely from old crust, not the mantle or young crust (see Walker et 
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al., 1991, 1994; Dickin et al., 1992). Small but significant variations in Os isotopic 
compositions of sulfides from different mines and different parts of the same mines have 
been attributed to assimilation of local wall rocks with different Os isotopic compositions 
(Walker et al., 1991, 1994; Cohen et al., 2000) or to fractional crystallization of MSS 
(Morgan et al., 2002). Rhenium is less compatible in MSS than Os (𝐷𝑊𝑚/𝑂𝑂MSSsulfide 𝑚𝑖𝑜𝑖  ~ 0.5: Liu 
and Brenan, 2015), so residual sulfide melts end up with higher Re/Os ratios. Sulfur and Pb 
isotopic data are not available for the same samples, but some ores have anomalous S (e.g., 
Crean Hill contact, Levack contact, Levack footwall, Lindsley, Victor 42N: Ripley et al., 
2015) and Pb-Pb (e.g., Blezard footwall, Morrison footwall: McNamara et al., 2017) 
isotopic ratios, which should not change during fractional crystallization, so it seems 
equally likely that the variations in Re-Os isotopes also result from local contamination. 
Returning to the question of the source, Re is less compatible than Os during mantle 
melting (Walker et al., 1989). Subcontinental lithospheric mantle from which substantial 
fractions of partial melt have been removed will consequently evolve to negative γOs 
values (Walker et al., 1989; Carlson and Irving, 1994). As a result, the negative γOs1850 Ma 
values of the S-rich mafic and S-poor melanorite inclusions in the Whistle Mine are 
compatible with a parental magma derived from a Re-depleted peridotitic lithospheric 
mantle source (see e.g., Ellam et al., 1993; Lambert et al., 1994). These inclusions have 
unradiogenic Os (negative γOs), which is indicative of a Re-depleted peridotitic mantle 
source (Marques et al., 2003) or from older crustal rocks with low Re/Os ratios and 
unradiogenic Os isotopic composition (see Cohen et al., 2000), but also unradiogenic Nd 
(negative εNd), which is indicative of a crustal source. This isotopic feature is similar to 
the Ipuera-Medrado chromite deposits in Brazil, which have been interpreted to be formed 
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from magmas derived from old Re-depleted subcontinental lithospheric mantle (SCLM) 
that experienced metasomatic enrichment of the incompatible lithophile elements by 
subduction input (Marques et al., 2003). However, the highly unradiogenic Nd signature 
argues against a direct contribution from SCLM. Instead, older crustal rocks, e.g., Archean 
volcanic and subvolcanic rocks in this region, which has been proposed to be derived from 
a subduction-metasomatized lithospheric mantle (Jolly, 1987; Jolly et al., 1992; Ketchum 
et al., 2013) must have been sampled during the impact. 
4.8 Discussion 
The key issues are 1) the relative timing of QD, IQD, FWBX, Sublayer, and Main Mass Norite; 
2) the relationship between mafic and ultramafic inclusions and mineralization; and 3) the 
genesis of Sublayer. Each is discussed below. 
4.8.1 Relative Timing of QD, IQD, FWBX, Sublayer, and Main Mass 
Norite 
The relative timing of Sublayer is equivocal, with some workers suggesting that it predates 
overlying Main Mass norite (e.g., Pattison 1979) and others suggesting that it post-dates 
Main Mass norite (e.g., Naldrett and Kullerud 1967, Hewins, 1971; Muir, 1981; Dressler, 
1982; Grant and Bite, 1984; Naldrett et al., 1984).  
The key constraints are: 
1) IQD and FWBX contain inclusions of Sudbury Breccia (e.g., Coats and Snajdr, 
1984), so they formed after Sudbury Breccia. Sublayer less clearly cuts Sudbury 
Breccia, which is generally metamorphosed close to the SIC and therefore difficult to 
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distinguish from Footwall Breccia, but there are probable examples at the Little 
Stobie Mine (see Davis, 1984) and Whistle (see Carter et al., 2009). 
2) The occurrence of inclusion- and sulfide-free QD in the distal parts and along the 
margins of composite QD-IQD dikes and some embayments, and the similarity of QD 
to weighted bulk average SIC (Lightfoot et al., 1997a, b) and to average least-altered 
vitric Onaping (Ames et al., 2002), indicate that QD was the first phase of the SIC to 
crystallize.  
3) IQD contains inclusions of QD, so must have been emplaced after QD.  
4) QD, IQD, and some Sublayer have fine-grained non-cumulate matrices (occasionally 
glassy to aphanitic in the case of QD), whereas most Sublayer contains cumulus 
orthopyroxene-plagioclase. This indicates differences in cooling rates – faster in the 
case of QD and IQD, slower in the case of Sublayer – but a common parental magma. 
5) Some offset dikes contain Sublayer in their Main Mass-proximal parts (e.g., Foy, 
Whistle), but many do not (e.g., Copper Cliff, Ministic, Trill, Worthington). 
Similarly, some offset dikes contain mobilized FWBX in their Main Mass-proximal 
parts (e.g., Foy, Frood-Stobie, Trill, Whistle), but many do not (e.g., Copper Cliff, 
Ministic, Worthington). 
6) Sublayer transgresses FWBX in the Whistle offset (Carter et al., 2009). 
7) Contacts between Sublayer and overlying Main Mass Norite are often sharp and 
unchilled or unbaked. Outcrop exposures are rare and drill core intersections cannot 
distinguish between a younger apophysis or an older inclusion.  
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8) The similarity in the inclusion populations of Sublayer, IQD, and FWBX indicates 
that they are facies derived from a common precursor. Sublayer contains more 
ultramafic inclusions than IQD or FWBX. This means that the sources of the non-
cognate ultramafic inclusions, which are rarely exposed (e.g., Fraser ultramafic body) 
and most likely derived from ultramafic bodies exposed in the deeper levels of the 
crater, must have been eroded after the formation of QD and IQD.  
9) The Frood deposit is hosted by intermixed zones of IQD and FWBX with abundant 
ultramafic inclusions (Zurbrigg, 1957) and therefore appears to be an IQD-FWBX 
hybrid.  
10) Sublayer contains fragments of FWBX (Pattison, 1979), but does not appear to 
contain fragments of QD, IQD, or SUBX. SUBX, QD, and the matrix to IQD would 
have been easily melted, leaving a melt that would be easily mixed or assimilated and 
(in the case of IQD) inclusions that would no different than those in Sublayer. 
11) Sublayer and IQD differ mainly in the nature of the matrix and location. The location 
of IQD in dikes that emanate from the Main Mass suggests that IQD was emplaced 
prior to formation of Sublayer and cooled more rapidly, forming a QD matrix. 
Sublayer formed simultaneously or later and cooled more slowly, forming a noritic 
matrix.  
12) FWBX may contain QD-like post-impact “melt pods” but contains no QD or noritic matrix, 
so it must have acquired the inclusions by incorporating them from footwall rocks during 
the thermomechanical erosion process or from overlying Sublayer norite. Late-stage FWBX 
cross-cuts Sublayer and Main Mass norite (e.g., Hwy 144 Bypass). 
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The timing of formation of the various elements of the SIC implied by these relationships 
are summarized in Table 4.5, indicating that Sublayer, IQD, and FWBX formed more-or-
less contemporaneously over relatively wide time intervals. The greater geochemical 
heterogeneity, greater angularity of inclusions, and greater amounts of cumulus 
orthopyroxene-plagioclase in Sublayer relative to IQD are interpreted to reflect different 
cooling rates and system dynamics. Sublayer cooled more slowly, so was able to 
assimilate more inclusions, and was initially part of the Main Mass, so was able to 
accumulate more orthopyroxene and expel more residual silicate melt. In contrast, IQD 
cooled more rapidly, so was able to assimilate fewer inclusions, and was isolated from the 
Main Mass, so was able to accumulate less orthopyroxene and expel less residual silicate 
melt. 
4.8.2 Relationship between Mafic-Ultramafic Inclusions and Ni-Cu-PGE 
Mineralization 
Many magmatic Ni-Cu-PGE deposits, particularly those hosted by mafic magmas, contain 
mafic-ultramafic inclusions (see reviews by Lesher, 2017, 2019b), but only at Sudbury is there a 
very specific association with mafic and ultramafic inclusions. There are two possible 
explanations for this: 
1) The inclusions and sulfide melts may be derived from the same source (e.g., pre-existing 
sulfide-bearing mafic-ultramafic rocks). Although EBLI and Nipissing gabbro contain 
abundant disseminated (e.g., Bullfrog Zone: James et al., 2002) and locally net-textured Fe-
Cu-Ni sulfides (e.g., Shakespeare: Sproule et al., 2007), none of the ultramafic inclusions 
examined in this study or reported by Scribbins (1978), Rae (1975), or Naldrett et al. (1984) 
contain any sulfides. One explanation for this is that an inclusion containing Fe-sulfides 
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would begin melting and disaggregating at ~ 900 ºC (Naldrett, 1969), whereas a sulfide-free 
gabbroic inclusion would begin melting and disaggregating at ~ 1100 ºC (Salvioli-Mariani et 
al., 2002), and a sulfide-free peridotitic inclusion would begin melting and disaggregating at 
~ 1300 ºC (Hirose and Kushiro, 1993; Takahashi et al., 1993). Thus, sulfide-free peridotitic 
(and dunitic) inclusions or domains of inclusions would be favoured for preservation in the 
superheated impact melt. 
2) The association may be physical, attributable to hydrodynamic equivalence of larger 
ultramafic inclusions and smaller sulfide blebs. Relative settling velocities (Fig. 4.12: 
discussed below), indicate that larger but lower density ultramafic inclusions (~ 2.9 g cm-3: 
Murase and McBirney, 1973) will settle at the same rate as smaller but higher density sulfide 
droplets (~ 4.2 g cm-3: Dobrovinski et al., 1969; Mungall and Su, 2005). Given the wide 
range of inclusion sizes and wide ranges in the abundances of the different phases (silicate 
melt, sulfide melt, and inclusions) in Sublayer, the results broadly agree with the observed 
median sizes of ultramafic inclusions (~10 cm) and sulfide droplets (2-3 cm). This 
interpretation is also consistent with i) the association of mineralization with several different 
types of barren mafic and ultramafic inclusions, some anteliths, some derived from local 
footwall rocks, and some derived from deeper unexposed lithologies, ii) the absence of Ni 
depletion in any of the olivines, and iii) no positive correlation between Ni and S in the 
majority of mafic-ultramafic inclusions, except for olivine melanorites containing 
disseminated sulfides. It may also explain why Sublayer along the margins of embayments 
(e.g., western margin of Levack Embayment) contains only very sparse sulfides and very few 
ultramafic inclusions. 
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Thus, the association between mafic and ultramafic inclusions and mineralization can be most 
likely attributed to the refractory nature of the inclusions and to similarly high densities as 
smaller molten sulfide droplets.  
4.8.3 Genesis of Sublayer Mineralization 
There are two end-member models for the formation of mineralized Sublayer, which are 
not mutually exclusive: 
1) Exsolution of immiscible sulfide droplets from the cooling impact melt (e.g., Keays and 
Lightfoot, 2004; Li and Ripley, 2005), settling of sulfides and inclusions to the contact, and 
migration along the contact into topographic embayments driven by convective currents (e.g., 
Lightfoot et al. 2001; Keays and Lightfoot, 2004; Zieg and Marsh, 2005) and/or gravity-
driven density flow (considered below). In this model the sulfides in the contact-footwall and 
offset ore systems exsolved from the melt sheet and modified by incorporating S from local 
country rocks. 
2) Devolatilization of Pb (McNamara et al., 2017; Kenny et al., 2017), S (Lesher, 2019a), and 
other volatile elements (e.g., Hg-Tl-Cd-S-Se-Sn-Te-Zn-Pb-Bi- Sb-Ag-Cu-Au-As: Lesher et 
al., in prep.) during impact, homogenization of the impact melt (Ubide et al., 2017), 
thermomechanical erosion of footwall rocks by the superheated impact melt (Prevec and 
Cawthorn, 2002; Gregory, 2005), assimilation of miscible silicate components but only 
limited amounts of sulfide (see Lesher and Campbell, 1993; Lesher and Burnham, 2001; 
Lesher, 2017), and generation of immiscible sulfide xenomelts that were upgraded by reaction 
with the overlying melt sheet (Lesher, 2019a; Lesher et al., in prep.). In this model only the 
sparse sulfides in the lower Main Mass noritic rocks segregated from the overlying melt sheet. 
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In order to further test these models, we have evaluated the roles of assimilation, 
thermomechanical erosion, convective currents, and gravity currents in the formation of 
Sublayer.  
4.8.4 Genesis of Sublayer Embayments 
The embayments have been interpreted as pre-existing topographic features produced by impact 
friction and excavation (Morrison, 1984) and/or impact-induced features modified by 
thermomechanical erosion by superheated impact melt and sulfide liquid (Gregory, 2005). 
4.8.4.1 Thermomechanical erosion 
The thermal and physical properties of the superheated impact melt at 1700°C would have 
been similar to a komatiite (Table 4.6), so the rates of erosion should have been broadly 
similar at very beginning: of the orders of 0.7 – 1.5 m d-1 for a consolidated gabbroic 
substrate, 4.3 – 7.5 m d-1 for a consolidated felsic substrate, 5.5 – 23 m d-1 for a partly 
consolidated felsic substrate, and 95 – 130 m d-1 for unconsolidated volcanic or 
sedimentary substrates (Williams et al., 1998, 2001, 2011). However, the rate of erosion of 
impact melt rapidly decreases with temperature due to the significantly increasing viscosity 
as the impact melt cools (Table 4.6). The inferred rapid thermomechanical erosion rates 
suggest that this process should have played a significant role in the generation of 
inclusions in Sublayer, IQD, and FWBX especially when the melt sheet was superheated. 
Mechanical erosion may have been more rapid if molten sulfides were present, as they are 
very dense and have a very low viscosity (Figs. 4.9 – 4.11), so they are easily able to 
infiltrate fractures in the footwall rocks, but because the rates of thermomechanical erosion 
by a superheated magma will be greater than the rates of heat conduction into the footwall 
rocks (see discussion by Huppert and Sparks, 1985; Williams et al., 1998) and because 
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sulfide melts solidify at temperatures below the liquidus of the impact melt, it is only 
during the later stages that sulfides will infiltrate the footwall rocks to form footwall 
breccia and footwall vein systems (Gregory, 2005).  
4.8.4.2 Fluid dynamics 
It is important to assess the physical properties and their implications for the fluid dynamic 
behaviour of the magma before investigating models involving thermomechanical erosion, 
convective transport, and gravitational flow of the mixture of impact melt, inclusions, and 
sulfides. In the case being considered here we are interested in the densities and viscosities of 
mixtures of impact melt, inclusions, and sulfide melt. There are many formulations for effective 
viscosity (see review by Petford, 2009). For example, assuming spherical particles and 
hexagonal-closest packing (e.g., Shaw, 1972) effective viscosity increases one order of 
magnitude with ~ 45% particles, two orders of magnitude with ~ 62% particles, three orders of 
magnitude with ~ 69% particles, and reaches infinite viscosity at ~ 74% particles (see Lesher, 
2017). However, lavas rarely carry more than approximately 55 – 60% phenocrysts (Marsh and 
Maxey, 1985) and Vetere et al. (2010) determined experimentally that andesitic magmas become 
effectively rigid as their crystal loads approach 60%. Therefore, we take 60% as the maximum 
proportion of inclusions required to maintain mobility.  
Relative densities (densities of mixtures of impact melt, inclusions, and sulfides divided by the 
density of pure impact melt) range between 1.0 for inclusion- and sulfide-free melt impact melt 
to 1.7 for massive Fe-Ni-Cu sulfide melt (Fig. 4.9). Because of the small changes in partial molar 
volume of particularly the impact melt and inclusions, these variations are unlikely to change 
significantly with temperature.  
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The estimated bulk viscosities of pure impact melt at 1 bar and temperature from 1700°C 
(superheated) to 1180°C (near-liquidus) were estimated using the methods of Giordano et al. 
(2008), which yield results of 2 Pa s at 1700°C and 507 Pa s at 1180°C. In order to estimate the 
bulk viscosity of a three-phase mixture of solid inclusions, more-viscous impact melt, and less-
viscous sulfide melt, we can use the following equations (adapted from Phan-Thien and Pham, 
1997):  
if inclusions are smaller than sulfide droplets,  
𝜂1 =  𝜂𝑚[1 − 𝑣𝑐/(1 −  𝑣𝑏)]−5/2(1 −  𝑣𝑏)−1                                 [1] 
if inclusions and sulfide droplets are of the same size range, 
𝜂2 =  𝜂𝑚(1 − 𝑣𝑐 −  𝑣𝑏)−(5𝑣𝑐+2 𝑣𝑏)/2(𝑣𝑐+ 𝑣𝑏)                                   [2] 
and if inclusions are larger than sulfide droplets, 
𝜂3 =  𝜂𝑚[1 − 𝑣𝑏/(1 −  𝑣𝑐)]−1(1 −  𝑣𝑐)−5/2                                 [3] 
where η = viscosity of the mixture, ηm = viscosity of the melt (in this case impact melt), νs 
= volume fraction of the sulfide melt, and νc = volume fraction of the inclusions. 
Relative bulk viscosities (viscosities of mixtures of impact melt, inclusions, and sulfides 
divided by the viscosity of pure impact melt) at 1 bar and temperature from 1700°C 
(superheated) to 1180°C (near-liquidus) are shown in Figures 4.10 and 4.11, indicating that 
the relative viscosities of mixtures of impact melt, inclusions, and sulfides at 1700oC vary 
from 0.05 to 831 (Fig. 4.10), and at 1180oC vary from 0.0002 to 831 (Fig. 4.11).  
The settling velocities of individual spherical inclusions at infinite dilution through the 
impact melt can be estimated from Stokes’ Law: 
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𝑉𝑁𝑖𝑐𝑂 =  2𝑀9𝜂  𝛥𝛥𝑒2                                                             [4] 
where (𝑉𝑁𝑖𝑐𝑂) is settling velocity, 𝛥𝛥 is the density contrast between particle and fluid, 
𝑔 the gravitational acceleration, 𝜂 is dynamic viscosity, and 𝑒 is the radius of the particle. 
The settling velocities of molten sulfide droplets through the impact melt can be estimated 
using the Hadamard-Rybczinski equation (e.g., Clift et al., 1978): 
𝑉𝑂𝑆𝑂 =  𝑀𝑖2△𝜌 3𝜂                                                                 [5] 
The effects of convective currents will be discussed below, but it is clear that sulfide melt 
droplets, mafic inclusions, and felsic inclusions carrying sulfides will sink through impact 
melt, quite rapidly at larger sizes, whereas felsic and mafic inclusions will rise quite 
rapidly in sulfide liquid and mineralized proto-Sublayer (mixture of 35% QD + 35% 
sulfide liquid +30% inclusions) (Fig. 4.12) (see also Lesher, 2017).  
The settling velocities of sulfide droplets will decrease with increasing inclusion content 
(see Mungall and Su, 2005), but even a continuous network of silicate inclusions will float 
in massive sulfide melt and mineralized proto-Sublayer (Fig. 4.12). A typical contact ore 
segregation profile at Sudbury grades upward from massive sulfide through inclusion-
bearing massive sulfide to disseminated sulfide in Sublayer norite (Souch et al., 1969), but 
many contain only semi-massive ores, suggesting (1) that they were congested suspensions 
with high effective viscosities, which would inhibit gravitational settling of sulfide droplets 
and floatation of felsic-mafic inclusions; and/or (2) that inclusions and sulfides continued 
to be added to Sublayer via assimilation or thermomechanical erosion. The overall low 
relative viscosities in the mixture of impact melt, inclusions, and sulfide droplets both at 
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1700°C and 1180°C suggest that the effect of thermomechanical erosion in the formation 
of embayments and incorporation of the local inclusions is more important.  
4.8.5 Localization of Inclusions and Sulfide Liquid into Embayments 
Two mechanisms could contribute to the horizontal transport of mixtures of silicate melt with 
inclusions and sulfide liquid into embayments: convective currents and gravity flow. 
4.8.5.1 Convective currents 
Zieg and Marsh (2005) suggested the topography of the crater floor “pinned” the upwelling 
limbs of convection cells over embayments and as convection became laminar, that settling 
immiscible sulfide droplets were swept up, concentrated, and suspended by the flow in 
these same upwelling sites above the embayments, which grew until they could no longer 
be suspended by the flow, producing a steady rain of sulfides into the embayments. Their 
model did not involve inclusions (which they suggested had melted to form viscous 
emulsions), which do not coalesce, but presumably inclusions with similar settling 
velocities would behave similarly. This model is difficult to test, as all physical evidence of 
convection has been erased, but the physics of the process has been discussed by Marsh 
and Maxey (1985), Martin and Nokes (1988, 1989), Marsh (1989), Zieg (2001), and 
Molina et al. (2012). 
A quantitative evaluation is difficult because of uncertainties in the compositional structure 
of the melt sheet: 1) a single layer that fractionally crystallized to form the observed 
sequence of norite, gabbro, and granophyre (Lightfoot et al., 1997c), 2) segregated layers 
of impact melt containing mafic inclusions (protonorite) and impact melt containing felsic 
inclusions (protogranophyre) (Golightly, 1994), or 3) segregated layers of emulsified 
impact melt and melted mafic inclusions (protonorite) and emulsified impact melt and 
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melted felsic inclusions (protogranophyre) (Zieg, 2001; Zieg and Marsh, 2005). However, 
the likelihood that impact melt convected can be evaluated from the Rayleigh number: 
𝑅𝐶 =  𝛼𝑀𝛼𝑇𝑑3𝜂𝐾                                                                 [6] 
where 𝛼 is thermal expansion coefficient, 𝛥 the density, 𝑔 the gravity acceleration, 𝛥𝛥 the 
temperature gradient, 𝑑 the chamber thickness, 𝐾 the thermal diffusivity, and 𝜂 the 
dynamic viscosity. Using 𝛼 = 5 × 10−5 °𝐶−1, 𝑔 = 980 𝑒𝑐 𝑠𝑒𝑒−2, 𝛥𝛥 =  600 °𝐶, 𝑑 = 
2500 m, 𝐾 = 10−2 𝑒𝑐2 𝑠𝑒𝑒−1 (Zieg, 2001), and 𝜂 = 20 𝑔 𝑒𝑐−1 𝑠𝑒𝑒−1 (at 1700°C) and 5070 𝑔 𝑒𝑐−1 𝑠𝑒𝑒−1 (at 1180°C), the melt sheet as a whole will have a value of 𝑅𝐶 =2.3 × 1018 at 1700°C and 9.1 × 1015 at 1180°C, which is much greater than the critical 
Rayleigh number (𝑅𝐶𝑐 = 1000), indicating that the SIC vigorously convected, at least 
initially. Using 𝑑 = 50 - 500 m (Zieg and Marsh, 2005; Lightfoot, 2016) for the thickness 
of a segregated proto-noritic layer, 𝑅𝐶 = 2.4 × 1011 − 3.7 × 1014, still well above the 
value required for vigorous convection. For a horizontal layer, the critical value of 𝑅𝐶 is 
approximately 1700. The 𝑅𝐶 value of the bottom proto-noritic layers is obviously much 
greater than 𝑅𝐶𝑐, suggesting that the proto-noritic layer could undergo vigorous laminar 
convection. 
The convective velocity (𝑈𝑜) is determined by the rate of heat transfer within the magma 
body (Marsh and Maxey, 1985): 
𝑈𝑜 = 0.258 𝐾d  𝑅𝐶1/2                                                     [7]  
The gradient representing a balance between the settling flux of particles by Stokes’s law 
and the upward suspension of particles by convective flow is inversely proportional to S 
 
 
188 
 
(=𝑉𝑁𝑖𝑐𝑂 𝑈𝑜� ). Convective currents play a significant role only if S<1. Figure 4.13 illustrates 
that sulfide droplets <0.5 cm and felsic-mafic inclusions <5 cm could be entrained and kept 
in suspension by vigorous convection. Sulfide droplets in a dynamic magma flow tend to 
break-up to smaller droplets (<0.2 cm: Robertson et al. (2015)), making them easier to 
transport, but if proximal to a sulfide source they may be larger and more difficult to 
transport. Similarly, inclusions with diameters >5 cm would be difficult to transport by 
convection, requiring another mechanism to localize inclusions in the Sublayer and IQD.   
4.8.5.2  Gravity currents 
Another option for localizing Sublayer in footwall embayments is for the dense mixture of 
impact melt, sulfide melt, and inclusions to flow under the influence of gravity along the gently 
sloping floor or locally steep walls of the impact crater into the embayments, much like a 
submarine debris flow (e.g., Pratson et al., 2000; Parsons et al., 2007; Wu et al., 2015).   
The movement of gravity currents is governed by mass, fluid pressure forces, and friction forces 
(Pratson, 2000). Flow begins when enough mass is accumulated (due to deposition) and/or if 
fluid pressure forces are increased (e.g., during an earthquake), and stops if the slope is 
decreased (e.g., at the base of the slope). The fluid pressure and friction at the tail of the flow 
oppose the mass of the flow and prevent the head from spreading or travelling very far, but the 
head of the flow may separate from the tail, a process known as runout.  
Gravity flow is complex and normally modelled using finite element methods (e.g., Wu et 
al., 2015), but it is very imprecise because of the wide variations in the physical properties 
(bulk density, effective viscosity, pore pressure), and environment (slope, topography), 
which are poorly constrained and which change over time. Because of all of the 
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uncertainties a fluid dynamic analysis is beyond the scope of this paper, but a comparison 
of the ranges of density and viscosity relative to QD for the range of proto-Sublayer 
compositions (0 - 100% sulfide, 0 - 60% inclusions, and 0 - 100% QD) compared to the 
ranges of density and viscosity relative to seawater for the range of submarine debris flows 
(Table 4.7), indicates that the relative density of proto-Sublayer is greater and that the 
relative viscosity is similar when the proportion of inclusions <45%, but that the relative 
viscosity is greater than the submarine debris flows when inclusions >45% .  
The average slope of the continental shelf is 1 – 4 degrees (Lewis, 1971) and the slopes 
along the floors of most impact craters are less than 6 – 10 degrees (Mikereit et al., 2010), 
so it can be predicted that the proto-Sublayer would flow like a submarine debris flow only 
when the melt contained <45% inclusions.  
4.8.6 Formation Models for the Sublayer, IQD, and Footwall Breccia 
The following model is proposed to account for the formation of the SIC, with emphasis on 
the formation of Sublayer and IQD, as well as the entrainment of inclusions and genesis of 
Ni-Cu-PGE sulfide mineralization (Fig. 4.14).  
T1 – Impact melting and emplacement of QD: A tremendous amount of energy was 
transferred into the target rocks during impact, producing a superheated impact melt with an 
initial temperature of ~1700oC (Ivanov and Deutsch, 1999), which would be ~500°C above the 
liquidus (Fig. 4.16A). Significant amounts of Pb (McNamara et al., 2017; Kenny et al., 2017) 
and likely also Hg-Tl-Cd-S-Se-Sn-Te-Zn-Bi and lesser amounts of Sb-Ag-Cu-Au-As (Lesher, 
2019a; Lesher et al., in prep.) were likely volatilized during impact relative to less volatile 
chalcophile (Co-Ni-PGE) and lithophile (e.g., Th-Nb-Ta-Hf-Zr-Y-REE) elements (Fig. 4.14A).  
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The impact excavation stage produced an upward-directed pressure gradient that expelled impact 
melt entraining xenoliths of shocked and unshocked rocks from the transient crater (Fig. 4.14A), 
leaving an inclusion-free melt at the base that was injected into impact-induced radial and 
concentric fractures, forming radial and concentric QD dikes (Fig. 4.16B). The composition of 
marginal/distal QD was modified by contamination during emplacement, but is close to the 
composition of the original impact melt (Lightfoot et al., 1997c). Xenoliths that were generated 
during impact excavation and mobilized under shock waves were preserved as exotic xenoliths 
due to their refractory nature. 
T2 – Isostatic Readjustment and Generation of IQD and Offset Ores 
Large transient craters are gravitationally unstable, resulting in uplift of the central parts and 
rapid collapse, and producing one or more rings separated by relatively flat circular basins (see 
reviews by Grieve et al., 1977, 1981). This process would have generated abundant clasts that 
would have cooled the impact melt as they were gradually digested, but additional clasts would 
have been generated by thermomechanical erosion of the footwall rocks by the superheated 
impact melt. Most of the footwall rocks contained minor sulfides (Huronian basalts and 
sediments) and some contained significant amounts of sulfides (e.g., Nipissing Intrusive Suite, 
East Bull Lake Intrusive Suite), leading to rapid sulfide saturation and formation of xenoliths 
(most as local xenoliths and some as exotic xenoliths if their protoliths were completed eroded) 
and sulfide xenomelts, which were injected into the still-hot QD dikes, forming the observed 
composite QD-IQD dikes and offset ores (Fig. 4.16C) (Lesher, 2012, 2013). Models involving 
flowage differentiation (e.g., Pilles, 2019) cannot explain the sharp contacts between IQD and 
QD or the presence of QD inclusions in IQD. 
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T3 – Formation of Anteliths: The impact melt continued to erode local footwall rocks until it 
reached the liquidus. Prevec (2000) proposed that a hybrid melt, formed by mixing of impact 
melt with overlying mafic norite, crystallized an olivine-bearing lithology that was subsequently 
eroded to form the anteliths, but this requires mafic norite to form over a layer of hybrid liquid. It 
is more likely that where assimilated footwall rocks were olivine-rich, the contaminated melt 
crystallized olivine then orthopyroxene then plagioclase, producing a thin layer of olivine 
melanorite and subsequently disrupted, and forming the protolith of Group I anteliths (Fig. 
4.14C-D). Where assimilated footwall rocks were orthopyroxene-rich, the melt crystallized 
orthopyroxene then plagioclase, forming North Range Mafic Norite. Where the assimilated 
footwall rocks were mafic to intermediate, the melt crystallized cotectic orthopyroxene-
plagioclase, forming South Range Quartz-Rich Norite. The next step is less clear, but Lesher et 
al. (2015) proposed that a geochemical reversal on the South Range between the Quartz-Rich 
Norite and overlying South Range Norite was caused by the influx of compositionally different 
impact melt through a break (rupture) in one or more of the crater rings. This would also explain 
how the protolith of the Group I anteliths could be eroded and the Pb isotopic difference between 
NR Mafic Norite and overlying Felsic Norite.  
T4 – Formation and Localization of Sublayer: Any mixtures of inclusions (Groups II and III) 
and sulfide xenomelts that were not extracted into the QD-IQD dikes remained along the basal 
contact and migrated into topographic lows under the influence of convection currents and/or 
gravity flow when the melt contained <45% inclusions (Fig. 4.14D). The inclusion- and sulfide-
bearing melt emplaced into offset dikes and formed a QD matrix due to rapid cooling, whereas 
the proto-Sublayer will form a noritic/gabbroic matrix with some orthopyroxene accumulation 
due to slow cooling.  
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T5 – Formation of FWBX: FWBX contains no QD or noritic matrix, so must have acquired 
ultramafic inclusions by incorporating them from Sublayer. When the impact melt was above the 
liquidus, the rate of thermomechanical erosion would have exceeded the rate of heat conduction 
into the footwall rocks, continuing to generate Sublayer, but as the melt reached the liquidus the 
rate of thermomechanical erosion decreased, allowing heat to be conducted into the footwall 
rocks, forming anatectic footwall breccias and metabreccias (Fig. 4.14D). This explains the many 
occurrences where FWBX cross-cuts Sublayer and lower Main Mass norites. 
4.9 Conclusions 
Sublayer, FWBX, and IQD appear to be cogenetic on the basis of similarity of inclusion 
population, but the greater geochemical heterogeneity, greater angularity of inclusions, and 
greater amounts cumulus orthopyroxene-plagioclase in Sublayer relative to IQD indicate that 
Sublayer cooled more slowly and allowed orthopyroxene to accumulate, whereas IQD cooled 
more rapidly, was able to accumulate less orthopyroxene and expel less residual silicate melt. 
The significant enrichment of highly incompatible lithophile element, overall moderately-
strongly unradiogenic Nd and radiogenic Os isotopic composition of all SIC lithologies, sulfide 
ores, and most mafic-ultramafic inclusions reflect a strong continental crustal signature. 
However, there is significant Pb-S-(Os) isotopic heterogeneity in the basal Main Mass norite, 
Sublayer, and IQD. Mafic-ultramafic inclusions in the Sublayer and IQD include anteliths, local 
xenoliths, and exotic xenoliths. The majority, except for the anteliths, contain no sulfide and 
exhibit no signature of Ni-Cu-PGE depletion caused by prior sulfide saturation, which suggest 
that the association between mafic-ultramafic inclusions and Ni-Cu-PGE sulfide mineralization 
is most likely attributable to their refractory nature and to their similar fluid dynamic behavior. 
Anteliths, locally-derived inclusions, significant amounts of sulfide xenomelt, and local 
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variations in S-Pb-(Os) isotopes must have been generated during thermomechanical erosion of 
local footwall rocks, whereas the exotic inclusions, except for the shocked feldspar lherzolite, 
were generated during impact excavation and/or thermomechanical erosion and transported into 
their current locations. Convective- and/or gravity-driven mass flow contributed to the 
transportation of the inclusions into the embayment when the impact melt contained inclusions 
<45%, but became less significant as the impact melt assimilated more inclusions.  
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Figure Captions 
Figure 4.1  Geological map of the Sudbury Igneous Complex, Canada (after Lightfoot, 
2016) 
Figure 4.2  Geological map of the Whistle Embayment and Whistle Offset dike (after 
Pattison, 1979) 
Figure 4.3  Photograph of footwall breccia along Highway 144 Bypass between the 
Creighton and Gertrude mines. The breccia intrudes South Range quartz-rich norite 
(uniform greyish green) and comprises large fragments of Elsie Mountain Formation 
metabasalt (green and white), small fragments of partially-melted Creighton Granite 
(white), and coarse Fe-Ni-Cu sulfide blebs (rusty brown). Coin is 28 mm in diameter. 
Photo by CML. 
Figure 4.4  Photomicrographs of igneous-textured Sublayer matrix. A: ophitic-texture 
ITSM, B: olivine-bearing ITSM, C: prismatic pyroxene ITSM, and D: porphyritic 
pyroxene ITSM. 
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Figure 4.5  Plot of whole-rock compositions for mafic-ultramafic inclusions and ITSM. A: 
Ni (ppm) vs MgO (%) and B: Ni (ppm) vs S (%); Dashed fields in (A) outline the 
composition of olivine, orthopyroxene, and clinopyroxene in the inclusions. 
Figure 4.6  Stacked histogram of εNd1850 Ma of the compiled Main Mass rock units, ITSM, 
and mafic-ultramafic inclusions from the North and South Ranges, together with mafic-
ultramafic intrusive units and the country rocks of the Sudbury Igneous Complex. Data 
sources: Faggart et al. (1985), Lightfoot and Naldrett (1989), Dickin et al. (1992, 1996, 
1999), Jolly et al. (1992), Prevec et al. (2000), and Prevec and Baadsgaard (2005). 
Figure 4.7  Stacked histogram of δ34S of sulfide ores from multiple deposits and Norite 
from various locations. Data sources: Thode et al. (1962), Schwarcz (1973), Whitehead et 
al. (1990), Papineau et al. (2007), Ames et al. (2010), Tuba et al. (2014), and Ripley et al. 
(2015). 
Figure 4.8  Stacked histogram of  γOs1850 Ma of sulfide ores in the basal Main Mass, 
Sublayer, and IQD, mafic-ultramafic inclusions, and country rocks associated with sulfide 
mineralization. Data sources: Walker et al. (1991), Dickin et al. (1992, 1999), Cohen et al. 
(2000), and Morgan et al. (2002). 
Figure 4.9  Ternary contour of relative densities of mixtures of silicate melt, sulfide melt, 
and inclusions.  
Figure 4.10  Ternary contour of relative viscosities at 1700°C of mixtures of silicate melt, 
sulfide melt, and inclusions. 
Figure 4.11  Ternary contour of relative viscosities at 1180°C of mixtures of silicate melt, 
sulfide melt, and inclusions. 
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Figure 4.12  Maximum settling velocities (estimated using Stokes’s law) for sulfide 
droplets, felsic and mafic inclusions, felsic and mafic inclusions with 10% sulfide melt 
within pure silicate melt (100% QD), and felsic and mafic inclusions within mineralized 
Sublayer-melt (35% QD + 35% sulfide melt + 30% inclusions) and within pure sulfide 
melt. Density of sulfide, felsic inclusion, mafic inclusion, and silicate melt are assumed to 
be 4.2, 2.6, 2.9, and 2.5 g cm-3, respectively. Viscosity of silicate melt, mineralized 
Sublayer melt, and sulfide melt are assumed to be 53, 383, and 0.1 Pa s at 1700°C and 
10304, 74508, and 0.1 at 1180°C, respectively. 
Figure 4.13  Gradients representing settling velocity/convective velocity for sulfide 
droplets, felsic and mafic inclusions, felsic and mafic inclusions with 10% sulfide melt 
within pure silicate melt (100% QD) and mineralized Sublayer-melt (35% QD + 35% 
sulfide melt + 30% inclusions). 
Figure 4.14  Geologic model for the formation of the Sublayer, IQD, and FWBX. A: Cross-
section diagram through a transient crater, showing the formation of impact crater and movement 
of impact melt and inclusions. Concentric circles around the original impact point show isobars 
of peak shock pressure and isotherms of postshock temperatures. (modified from Grieve et al., 
1977); B: Digestion of most inclusions by the superheated impact melt, except for some 
refractory exotic xenoliths and injection of QD into the offset dikes; C: Incorporation of 
xenoliths and sulfide xenomelts by thermomechanical erosion, sulfide saturation due to 
assimilation of inclusions and cooling of the melt, crystallization of olivine-orthopyroxene-
plagioclase assemblage (forming the protolith of anteliths), and injected of IQD into the still-hot 
QD dikes; D: crystallization of Sublayer and IQD and formation of FWBX. 
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Table 4.1  Characteristics of basal Main Mass norite, Sublayer, FWBX, and IQD (including 
South Range Breccia Belt). 
Table 4.2  Summary of geological features of major Sublayer-hosting structures on the North 
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Table 4.3  Textural facies of igneous-textured Sublayer matrix. 
Table 4.4  Comparison of petrographic and geochemical characteristics of ITSM and mafic-
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Figure 4.1  Geological map of the Sudbury Igneous Complex, Canada (after Lightfoot, 2016) 
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Figure 4.2  Geological map of the Whistle Embayment and Whistle Offset dike (after Pattison, 
1979) 
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Figure 4.3  Photograph of footwall breccia along Highway 144 Bypass between the Creighton and 
Gertrude mines 
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Figure 4.4 Photomicrographs of ITSM 
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Figure 4.5  Plot of whole-rock compositions for mafic-ultramafic inclusions and ITSM. A: Ni (ppm) 
vs MgO (%) and B: Ni (ppm) vs S (%) 
  
S = 0.5% 
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Figure 4.6  Stacked histogram of εNd1850 Ma of the compiled Main Mass rock units, ITSM, and 
mafic-ultramafic inclusions from the North and South Ranges, together with mafic-ultramafic 
intrusive units and the country rocks of the Sudbury Igneous Complex 
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Figure 4.7  Stacked histogram of δ34S of sulfide ores from multiple deposits and Norite from various 
locations 
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Figure 4.8  Stacked histogram of γOs1850 Ma of sulfide ores in the basal Main Mass, Sublayer, and 
IQD, mafic-ultramafic inclusions, and the country rocks associated with sulfide mineralization 
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Figure 4.9  Ternary contour of density of mixture with variable proportions of silicate melt, sulfide 
melt, and inclusions 
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Figure 4.10  Ternary contour of fluid viscosity at 1700°C of mixture with variable proportions of 
silicate melt, sulfide melt, and inclusions 
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Figure 4.11  Ternary contour of relative viscosities at 1180°C of mixtures of silicate melt, sulfide 
melt, and inclusions 
 
 
227 
 
 
Figure 4.12  Maximum settling velocities (estimated using Stokes’s law) for sulfide droplets, felsic 
and mafic inclusions, felsic and mafic inclusions with 10% sulfide melt within pure silicate melt 
(100% QD), and felsic and mafic inclusions within mineralized Sublayer-melt (35% QD + 35% 
sulfide melt + 30% inclusions) and within pure sulfide melt 
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Figure 4.13  Gradients representing settling velocity/convective velocity for sulfide droplets, felsic 
and mafic inclusions, felsic and mafic inclusions with 10% sulfide melt within pure silicate melt 
(100% QD) and mineralized Sublayer-melt (35% QD + 35% sulfide melt + 30% inclusions) 
  
suspended 
suspended 
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Figure 4.14  Geologic model of formation of the Sublayer, IQD, and FWBX 
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Table 4.1  Characteristics of basal Main Mass norite, Sublayer, FWBX, and IQD (including South 
Range Breccia Belt) 
  
Main Mass 
Sublayer Footwall Breccia IQD Norite 
Distribution 
continuous 
lower unit of 
SIC 
discontinuous 
along lower 
contact of 
SIC 
discontinuous 
along lower 
contact of 
SIC 
breccia belt offset dike 
Contacts 
with 
Country 
Rocks 
sharp (where 
Sublayer is 
absent) 
sharp, 
gradational 
(where 
FWBX is 
present) 
gradational sharp locally sharp 
Matrix           
Nature igneous igneous 
metamorphic 
except 
igneous in 
melt pods 
metamorphic except 
igneous in melt pods 
igneous to 
metamorphic 
Texture cumulate ophitic to porphyritic 
metamorphic 
to partially 
melted 
quenched igneous to 
metamorphic 
quenched 
igneous to 
metamorphic  
Lithology norite norite 
sulfide and 
granophyric 
silicate melts 
SUBX except QD in melt 
pods QD 
Inclusions           
Volcanic-
sedimentary  
locally 
abundant  rare 
abundant on 
SR abundant rare 
Gneissic- locally 
abundant 
locally 
abundant 
abundant in 
NR rare 
locally 
abundant granitic 
Gabbroic-
anorthositic locally 
abundant abundant 
locally 
abundant locally abundant abundant (Nipissing > 
EBLI) 
Opx-bearing 
ultramafic  
locally 
abundant present present present present 
Ol-bearing 
ultramafic  not reported present present present 
present 
(altered) 
Sulfide clast  not reported very rare characteristic locally abundant locally abundant 
Sudbury 
breccia  not reported not reported present not reported rare 
Chemistry SR: QRNR 
highly 
variable highly variable 
highly variable much more consistent 
NR: MNOR more mafic ??? less mafic 
Sulfide interstitial, 
blebby 
disseminated 
interstitial, 
blebby, semi-
massive 
blebby, 
fragmental, 
semi-massive 
blebby, fragmental, semi-
massive 
blebby to 
semi-
massive Textures 
Data Sources: Naldrett & Kullerud (1967), Podolsky et al. (1969), Rae (1975), Scribbins (1978), Naldrett et al. (1984), Capes (2002), this 
study 
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Table 4.2  Textural facies of igneous-textured Sublayer matrix 
 QD-Type 
Sublayer 
Ophitic  
Sublayer 
Cumulus  
Opx-rich Sublayer 
Porphyritic  
Opx-rich Sublayer 
Fabric none sometimes no none 
Texture intersertal ophitic cumulus Opx porphyritic Opx 
Ol none 
rare, embayed to 
rounded with thin 
Opx rims 
none none 
Opx  
fine, prismatic 
(pseudomorphed by 
amph) 
fine,  
equant 
medium,  
prismatic 
medium-coarse, 
prismatic 
Cpx exsolution no no sometimes yes 
Opx/Cpx Ratio <<1 variable >1 >>1 
Cumulate 
aphanitic to 
orthocumulate 
ophititic to 
orthocumulate 
orthocumulate orthocumulate 
Cloudy Plag no no sometimes ? 
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Table 4.3  Summary of geological features of major Sublayer-hosting structures on the North Range and South Range 
Sublayer Localities Morphology Thickness Lithology 
Mineraliza
tion type 
and scale 
Sulfide 
minerals and 
texture 
Inclusions References 
Creighton South Range 
trough-like 
depression 
up to 150 
m   
Contact 
type 
Scale: 
Large 
Sulfide 
minerals: 
pyrrhotite, 
pentlandite, 
and 
chalcopyrite, 
minor 
magnetite; 
Texture: 
ragged, 
disseminated 
and massive 
Local xenoliths: amphibolite, 
calcite-tremolite, anorthosite, 
hornfels 
Mafic-ultramafic inclusions: 
harzburgite, olivine norite, 
melanorite, hypersthene 
melagabbro, augite melanorite,  
Pattison, 
1979; 
Lightfoot et 
al., 1997; 
Dare et al., 
2010 
Copper 
Cliff 
South 
Range 
1.6 km wide 
funnel-
shaped 
embayment, 
narrows 
down to 40 
m Offset 
dike 
 
Quartz 
monogabbr
onorite to 
gabbronori
te 
Contact-
offset type 
Scale: 
Small-
Large 
 
Texture: 
blebby and 
fine 
disseminated 
Local xenoliths: amphibolites, 
metasedimentary rocks, 
anorthosites and quartzites; 
Mafic-ultramafic inclusions: 
gabbros, norites, 
metapyroxenites; 
Size: from < 1 cm up to 20 m in 
diameter; 
Sulfide: barren 
Capes, 2002 
Gertrude South Range embayment    
Contact 
type 
Scale: 
Small 
Texture: 
heavy 
disseminated 
and massive 
 Lightfoot, 2016 
Little 
Stobie 
South 
Range 
embayment, 
with average 
width of 90 
m 
up to 520 
m  
Fine- to 
medium-
grained 
gabbronori
te 
Contact-
footwall 
type 
Scale: 
Small 
Sulfide 
minerals: 
pyrrhotite, 
chalcopyrite, 
and 
pentlandite; 
Texture: 
disseminated, 
stringer, and 
massive 
Local xenoliths: footwall 
amphibolite; 
Mafic-ultramafic inclusions: 
two-pyroxene gabbro (majorite), 
harzburgite, olivine 
orthopyroxenite, 
orthopyroxenite, olivine 
melatroctolite, melanorite, 
hypersthene gabbro, and quartz-
rich norite associated with 
interstitial sulfide; 
Size: from 2 cm to 46 m in 
diameter; 
Sulfide: barren, except for 
quartz-rich norite 
Davis et al., 
1984 
Murray South Range 
shallow 
embayment, 
close to the 
flank of the 
Copper Cliff 
funnel 
  
Contact-
footwall 
type 
Scale: 
Large 
 
Local xenoliths: no information; 
Mafic-ultramafic inclusions: 
predominantly Harzburgite,  
Size: from a few millimeters to 
several hundred feet in diameter; 
 
Scribbins, 
1978 
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Sublayer Localities Morphology Thickness Lithology 
Mineraliza
-tion type 
and scale 
Sulfide 
minerals and 
texture 
Inclusions References 
Frood South Range 
Downward 
thinning 
wedge 
within the 
Sudbury 
Breccia Belt  
    
Contact-
footwall 
type 
Scale: 
Large 
  
Local xenoliths: no information; 
Mafic-ultramafic inclusions: 
predominantly harzburgite, 
augite melanorite, melanorite, 
hypersthene gabbro, gabbro; 
Scribbins, 
1978 
Levack-
McCreedy 
North 
Range Trough   
Contact-
footwall 
type 
Scale: 
Large 
Sulfide 
minerals: 
pyrrhotite and 
pentlandite 
Texture: 
blebby, 
disseminated, 
semi-massive, 
and massive 
Local xenoliths: footwall pods, 
recrystallized wehrlite-olivine 
clinopyroxenite; 
Mafic-ultramafic inclusions: 
lherzolite, olivine 
melagabbronorite, 
clinopyroxenite, websterite, 
gabbronorite, gabbro 
This study 
Strathcona North Range 
Local deep 
embayment  
Fine- to 
medium-
grained 
gabbronori
te 
Contact-
footwall 
type 
Scale: 
Large 
Sulfide 
minerals: 
pyrrhotite and 
pentlandite 
Texture: 
blebby and 
disseminated 
Local xenoliths: rare footwall 
pods; 
Mafic-ultramafic inclusions 
(92.8%): lherzolite, harzburgite, 
wehrlite, olivine clinopyroxenite, 
olivine websterite, websterite, 
and olivine gabbro; 
Size: from three inches to five 
feet; 
Vos and 
Moorhouse, 
1965; 
Naldrett and 
Kullerud, 
1967; Souch 
et al., 1969; 
Rae, 1975; 
Trill North Range Trough    
Contact 
type 
Scale: 
small 
 
Local xenoliths: no information; 
Mafic-ultramafic inclusions: 
lherzolite (predominant), 
harzburgite, orthopyroxenite 
(reaction product), olivine 
gabbro; 
Size: from a few centimeters to a 
hundred meter 
Sulfide: barren 
This study 
Coleman North Range 
Local deep 
embayment   
Contact-
footwall 
type 
Scale: 
Large 
Sulfide 
minerals: 
pyrrhotite and 
pentlandite 
Texture: 
blebby and 
disseminated 
 
Lightfoot, 
2016 
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Sublayer Localities Morphology Thickness Lithology 
Mineraliza
tion type 
and scale 
Sulfide 
minerals and 
texture 
Inclusions References 
Whistle-
Norman 
East 
Range 
Funnel-
shaped 
depression 
with 
approximatel
y 350 wide 
near the 
contact with 
the Main 
Mass 
 
Zonation: 
cumulate 
orthopyrox
-ene-rich 
norite in 
the core 
and more 
siliceous 
varieties at 
the rim 
Contact 
type 
Scale: 
Medium 
Sulfide 
minerals: 
pyrrhotite > 
pentlandite >> 
chalcopyrite, 
minor pyrite 
Texture: 
disseminated 
and massive  
Local xenoliths: predominant 
diabase, rare anorthosite, gabbro, 
footwall gneiss, leucocratic pods; 
Mafic-ultramafic inclusions: 
melanorite, olivine melanorite, 
and altered metapyroxenite  
Size: diabase are a few 
centimeters in size (rare up to 
one meter); mafic and ultramafic 
inclusions are from five 
centimeters to several meters 
Sulfide: olivine melanorite and 
melanorite contain weakly 
disseminated sulfides. 
Pattison, 
1979; Grant 
and Bite, 
1984; Farrell, 
1997; 
Lightfoot et 
al., 1997; 
Lightfoot, 
2016; This 
study 
Victor East Range 
Nickel Rim - 
Victor 
trough   
Contact-
footwall 
type 
Scale: 
Large 
Sulfide 
minerals: 
pyrrhotite and 
pentlandite 
Texture: 
blebby, 
disseminated, 
semi-massive, 
and massive 
 
Lightfoot, 
2016 
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Table 4.4  Comparison of petrographic and geochemical characteristics between ITSM and mafic-ultramafic inclusions 
Unit Petrography Major element composition Trace element composition 
Mineral Chemistry 
Ol Opx Cpx 
ITSM 
Norite - 
leuconorite 
rare gabbro - 
dorite 
MgO: 3 - 17% NR; 4 - 11% SR; 
Positive trends between Mn-Fe 
and Mg; 
Negative trends between Al-Na-
Ti and Mg; 
Ca exhibits two overlapping 
trends: a positive trend for ITSM 
in both NR and SR and a 
negative trend for ITSM in NR 
only. 
Strongly HILE 
enrichment; 
Pronounced negative 
Nb-Ta anomalies; 
Minor negative Zr-Hf 
and Ti anomalies; 
Wide ranges of Th-U 
and Sr concentrations; 
Nb/U: 5 - 24; Zr/Hf: 
30 - 39; Nb/Ta: 6 - 21 
  
Hypersthene;  
Mg#: 63 - 72; 
Negative trends 
between Zr-Cr 
and Mg#; 
Flat trends 
between Ca-Ti 
and Mg# 
Augite;  
Mg#: 71 - 75 
Mafic-
Ultramafic 
Inclusions 
            
Group I 
Olivine 
melanorite, 
Olivine 
gabbronorite 
MgO: 15 - 28%; 
Widely variable Fe-Ca-P; 
Al deceases with increasing Mg 
and Na remains low when 
MgO > 21%, while Al remains 
high and Nb abruptly elevates 
when MgO < 21% 
Highly HILE 
enrichment; 
Pronounced negative 
Nb-Ta anomalies; 
Wide ranges of Th-U 
and Sr concentrations; 
Nb/U: 4 - 13; Zr/Hf: 
34 - 39; Nb/Ta: 15 - 
19 
Olivine melanorite: 
Fo: 68 - 73; NiO: 
0.12 - 0.20; MnO: 
0.28 - 0.45; 
Olivine 
gabbronorite in 
Dowling: Fo: 76 - 
78; NiO: 0.40 - 
0.50; MnO: 0.26 - 
0.31; 
Olivine 
gabbronorite in 
Onaping Depth: Fo: 
76 - 78; NiO: 0.22 - 
0.28; MnO: 0.27 - 
0.33; 
Olivine 
melanorite: 
Bronzite;  
Mg#: 75 - 76; 
Olivine 
gabbronorite: 
Bronzite - 
Hypersthene; 
Mg#: 78 - 83; 
Olivine 
melanorite: 
Salite - 
Augite;  
Mg#: 79 - 81; 
Olivine 
gabbronorite: 
Mg#: 81 - 84; 
Group IIA 
Shocked 
metamorphosed 
Wehrlite 
olivine 
clinopyroxenite 
MgO: 23 - 32%; 
Well-defined arrays between the 
average composition of 
clinopyroxene and olivine 
Moderate HILE 
enrichment; 
Variably negative Nb-
Ta and Sr anomalies; 
Minor negative Ti and 
Al anomalies; 
Pronounced negative 
Th-U and Zr-Hf 
anomalies; 
Nb/U: 2 - 36; Zr/Hf: 
22 - 34; Nb/Ta: 13 - 
26 
Fo: 79 - 83; NiO: 
0.08 - 0.22; MnO: 
0.22 - 0.36; 
Decoupling between 
Mn and Fe 
Bronzite - 
Hypersthene;  
Mg#: 83 - 84; 
Diopside - 
Endiopside; 
Mg#: 83 - 93; 
Group IIB 
Shocked 
metamorphosed 
Olivine 
melanorite  
MgO: 30% and 25%; 
Significantly low Ti-P 
Minor HILE 
enrichment; 
Absence of Th-U, Zr-
Hf, and Ti anomalies; 
Nb/U: 9 - 14; Zr/Hf: 
37 - 38; Nb/Ta: 19 - 
22 
Fo: 83 - 81; NiO: 
0.24 - 0.30; MnO: 
0.20 - 0.24; 
Bronzite;  
Mg#: 83 - 85; 
Diopside - 
Endiopside; 
Mg#: 84 - 88; 
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Group III 
Phlogopite 
lherzolite, 
feldspar 
lherzolite, 
orthopyroxenite, 
olivine gabbro 
MgO: 23 - 32%; 
No well-defined correlative 
trends 
Moderate HILE 
enrichment; 
Pronounced negative 
Nb-Ta-Ti anomalies; 
Minor negative Zr-Hf, 
Th-U, and Sr 
anomalies; 
Nb/U: 3 - 10; Zr/Hf: 
32 - 42; Nb/Ta: 14 - 
23 
Lherzolite: Fo: 77 - 
83; NiO: 0.09 - 
0.19; MnO: 0.21 - 
0.37; 
Shocked feldspar 
lherzolite: Fo: 82 - 
83; NiO: 0.38 - 
0.43; MnO: 0.24 - 
0.28; 
Olivine gabbro: Fo: 
72 - 73; NiO: 0.12 - 
0.15; MnO: 0.37 - 
0.39; 
Lherzolite: 
Bronzite - 
Hypersthene;  
Mg#: 81 - 85; 
Orthopyroxenite
: Hypersthene;  
Mg#: 63 - 82; 
Lherzolite: 
Diopside - 
Endiopside; 
Mg#: 82 - 92; 
Olivine 
gabbro: Salite 
- Augite;  
Mg#: 77 - 80; 
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Table 4.5  Timing of formation of the various elements of the SIC 
  Early             Late 
SUBX (including SRBB) impact               
Temperature   1700°C → → → 1180 1080 870°C 
Thermomechanical Erosion     debris basal contact embayments       
QD     dike margins 
melt pods in 
SRBB (e.g., 
Kirkwood) 
and 
metabreccia 
(e.g., 
Whistle) 
funnel 
margins   
Pele and 
Cascaden   
Sulfide Ores       
exsolution 
from melt 
sheet +/-
xenomelts 
from FW 
rocks 
upgrading 
MSS1 + 
residual 
liquid1 
MSS2 + 
residual 
liquid2 
ISS + 
residual 
liquid3 
IQD       dike cores         
FWBX       
initial 
formation 
along 
contacts??? 
mobilized into 
embayments 
(e.g.,Whistle 
"Metabreccia") 
diapiric 
into Main 
Mass 
(e.g., 
Hwy 144, 
Levack) 
    
SLNR       
initial 
formation 
along 
contacts and 
in primary 
embayments 
mobilized into 
embayments 
(e.g., Levack, 
Trill) and 
troughs (e.g., 
Whistle, Foy) 
      
Crystallization of Main Mass          
MFNR-
QRNR-
Norite 
Gabbro Granophyre 
Contact Metamorphic Aureole          narrow → → wide 
 
  
 
 
238 
 
Table 4.6  Comparison of thermal properties of komatiite lava and Sudbury impact melt 
 
 Unit Komatiite Lava Sudbury Impact Melt 
   
Impact Melt 
(100% QD) 
Barren Sublayer 
 (70% QD +  
30% Incl) 
Mineralized Sublayer 
(35% QD + 30% Incl + 35% 
Sulfide melt) 
Initial T °C ≥ 1600 1700 
Liquidus T °C 1600 1180 
Solidus T °C 1200 820 ~850 
Density kg m
-3
 2800 2500 2560 3155 
Specific 
heat J kg
-1
°C
-1
 730 621 
Bulk 
viscosity Pa s 0.13 - 10 
1700°C: 2 
1180°C: 507 
1700°C: 4.9 
1180°C: 1237 
1700°C: 4.2 - 14.4  
1180°C: 1074 - 3666 
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Table 4.7  Typical values of physical properties of sedimentary debris flow and Proto-Sublayer 
  Solid Grain Properties Pure Fluid Properties Mixture Properties 
 
Property  
(Unit) 
Mass  
Density 
(kg/m3) 
Mean  
Diameter 
(m) 
Mass  
Density 
(kg/m3) 
Kinematic 
Viscosity 
(Pa s) 
Solid  
Fraction 
Fluid  
Fraction 
Relative  
Density 
(mixture/fluid) 
Relative  
Viscosity 
(mixture/fluid) 
Sedimentary 
Debris Flow 2500 - 3000 10
-5
 - 10 1000 - 1200 0.001 - 0.1 0.4 - 0.8 0.2 - 0.6 1.7 - 2.6 16 – 50 
Proto-
Sublayer 2600 - 4200 10
-5
 - 100 2500 100 0 - 0.6 0.4 - 1.0 1 - 1.7 
1700°C: 0.05 – 830 
1180°C: 0.0002 – 830  
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CHAPTER 5  
CONCLUDING STATEMENTS 
5.1 Summary of Thesis 
The ca. 1.85 Ga Sudbury Igneous Complex (SIC) is the igneous remnant of one of the oldest, 
largest, and best-preserved impact structures on Earth and contains some of the world’s largest 
magmatic Ni-Cu-PGE sulfide deposits. The majority of the Ni-Cu-PGE mineralization in the SIC 
is associated with the lowermost, discontinuous, and inclusion-rich Sublayer and Footwall 
breccia (FWBX) along the basal contact and with inclusion-bearing quartz diorites (IQD) in 
radial and concentric Offset dikes emanating from the contact between the overlying Main Mass 
and the footwall rocks. Sublayer and IQD are characterized by the significant abundance of 
inclusions, including felsic-mafic inclusions that appear to be derived from exposed country 
rocks and volumetrically important olivine-bearing mafic-ultramafic inclusions that have only 
rare equivalents in the country rocks and appear to be preferentially associated with 
mineralization.  
The mafic-ultramafic inclusions can be divided into three origins on the basis of petrographic, 
mineralogical, geochemical, and Sm-Nd and Re-Os isotopic composition: 
Anteliths (n = 47) includes olivine melanorite and olivine melagabbronorite inclusions in the 
Whistle and Levack (Dowling and Onaping Depth) embayments on the North Range. They are 
characterized by well-preserved igneous textures, including orthocumulate, poikilitic, and 
interstitial textures. They exhibit similar Zr/Y, Zr/Nb, Nb/U, and Zr/Hf ratios to ITSM and 
olivine melanorite inclusions in the Whistle embayment have slightly unradiogenic radiogenic 
γOs1850 Ma values (-8 to +94), which are indicative derivation from metasomatized subcontinental 
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mantle or from older crustal rocks with low Re/Os ratios and unradiogenic Os isotope 
compositions, but unradiogenic εNd1850 Ma values (-8 to -5), which are indicative of a crustal 
source. These data suggest that Group I inclusions are anteliths that crystallized from the impact 
melt that has assimilated of the widespread Huronian volcanic and subvolcanic units in the 
region, which has been proposed to be derived from subduction-metasomatized lithospheric 
mantle. 
Local xenoliths includes Group IIA (n = 17) wehrlites and olivine clinopyroxenite inclusions in 
the Levack embayment and Group IIB (n = 2) shock metamorphosed olivine melanorite 
inclusions in the Foy Offset on the North Range. Group IIA and Group IIB inclusions are 
characterized by shock mosaicism in olivine, where olivine grains have been deformed into 
aggregates of small domains having 1 – 5° disorientations, potential planar deformation features 
in orthopyroxene, which occur as pervasive parallel fractures (1 – 2 µm wide, 3 – 5 µm spaced) 
and are partially decorated by aligned fluid inclusions, and recrystallized textures. Group IIA 
inclusions have similar trace element patterns (e.g., negative Th-U, Nb-Ta-(Ti), Sr, and Zr-Hf 
anomalies) and overlapping Nb/U ratios as a layered mafic-ultramafic intrusion in the footwall of 
the Levack and Fraser Mines, which together with their limited distribution suggests that Group 
IIA inclusions are derived from local mafic-ultramafic protoliths that were petrogenetically-
related to the above layered mafic-ultramafic intrusion. However, they have low Zr and Zr/Y 
ratios, variable Zr/Nb ratios, subchondritic Zr/Hf ratios, and superchondritic Nb/Ta ratios, which 
suggest that they crystallized from a melt derived from a heterogeneous source that had been 
metasomatized by slab-derived fluids/melts. The petrogenesis of Group IIB inclusions is the least 
clear because of the strong shock and thermal metamorphism and limited number of samples. 
They appear to display overlapping Zr/Y, Zr/Nb, and Nb/U variations with and plot on the same 
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trend as Group IIA inclusions in a plot of Ta/Yb vs Th/Yb, suggesting that they are also local 
xenoliths derived from a now-consumed or now-hidden source that were petrogenetically related 
to Group IIA inclusions.  
Exotic xenoliths (n = 21) includes phlogopite/feldspar lherzolite inclusions in the Trill, Levack, 
and Bowell embayments and the Foy Offset dike on the North Range. They are characterized by 
igneous textures, including orthocumulate, poikilitic, and interstitial textures, tectonic 
metamorphic textures, including porphyroclastic, granoclastic, hornfelsic, and recrystallized 
textures, and shock metamorphic texture (sample #373582 only, in which plagioclase is partially 
isotropic). They have no equivalents in the exposed country rocks. Feldspar lherzolite inclusions 
in the Trill embayment exhibit orthopyroxene reaction rims against igneous-textured Sublayer 
matrix (ITSM), suggesting disequilibrium with the impact melt. One composite inclusion 
exhibits igneous layering of feldspar lherzolite and olivine gabbro, suggesting derivation from an 
unexposed layered mafic-ultramafic intrusion. The calculated parental magma is similar to 
continental arc basalt formed by approximately 5% batch melting of garnet peridotite. Ol-Cpx-Pl 
thermobarometry of several Group III inclusions indicate equilibration at 900oC to 1120oC and 
2.1 ± 1.7 kbar to 3.0 ± 1.8 kbar, suggesting emplacement into upper-middle crust (7.7 ± 6.6 to 
10.9 ± 6.5 km), prior to being incorporated into the lower parts of the proto-SIC during impact 
excavation. Shock metamorphosed feldspar lherzolite, for which P-T condition could not be 
estimated due to shock- and thermal-induced disequilibrium, is characterized by greater 
enrichment of Ni in olivine (NiO ~ 0.4% vs 0.1 – 0.2%) and very low Gd/YbN (1.06 vs 2.20 – 
4.75) compare to the igneous feldspar lherzolite in Group III. Although it is difficult to draw any 
certain conclusion with limited information, it appears that this shocked metamorphosed feldspar 
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lherzolite may have been derived from shallower and hidden protolith, rather than deeper mafic-
ultramafic protoliths for the other inclusions in this group. 
Most analyzed inclusions, ITSM, and Main Mass lithologies exhibit enrichment in highly 
incompatible lithophile elements with negative Nb-Ta-(Ti) anomalies, unradiogenic Nd isotopic, 
and radiogenic Os isotopic signatures, indicating that the impact sampled rocks formed from 
upper continental rocks that were originally derived from subduction-metasomatized mantle 
sources. The widespread Huronian volcanic and subvolcanic rocks are considered to be derived 
from the subduction-metasomatized lithospheric mantle that likely occurred at 2750 – 2690 Ma 
beneath the Abitibi-Wawa terrane. Melting of these volcanic and intrusive rocks and underlying 
Neoarchean Superior Province upper-middle crustal rocks would produce the observed 
geochemical characteristics. 
Sublayer, FWBX, and IQD appear to be cogenetic on the basis of similarity of inclusion 
population, but the greater geochemical heterogeneity, greater angularity of inclusions, and 
greater amounts of cumulus orthopyroxene-plagioclase in Sublayer relative to IQD indicate that 
Sublayer cooled more slowly and allowed orthopyroxene to accumulate, whereas IQD cooled 
more rapidly, was able to accumulate less orthopyroxene and expel less residual silicate melt. 
The significant enrichment of highly incompatible lithophile element, over moderately strongly 
unradiogenic Nd and radiogenic Os isotopic composition of all SIC lithologies, sulfide ores, and 
most mafic-ultramafic inclusions reflect a strong continental crustal signature. The overlying 
Main Mass norite is very homogeneous in terms of Hf isotopes, indicating that the impact melt 
sheet was well mixed. However, Sublayer, IQD, and overlying basal Main Mass norites vary 
widely in terms of Pb-S-(Os) isotopic compositions. The majority of mafic-ultramafic inclusions, 
except for anteliths, are barren in sulfide and exhibit no signature of Ni-Cu-PGE depletion 
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caused by prior sulfide saturation, which suggest that the association between mafic-ultramafic 
inclusions and Ni-Cu-PGE sulfide mineralization is most likely attributable to their refractory 
nature and to their similar fluid dynamic behavior. Anteliths, locally-derived inclusions, and 
local variations in S and Pb isotopes must have been generated in situ, requiring significant 
degrees of subsequent local thermomechanical erosion, whereas the exotic inclusions, except for 
the shocked feldspar lherzolite, were derived from mafic-ultramafic protoliths and must have 
been generated during impact excavation and/or thermomechanical erosion and transported into 
their current locations. Thermomechanical erosion has played an important role in the generation 
of embayments, incorporation of local xenoliths, and formation of isotopic heterogeneity in the 
basal units of SIC. Convective- and/or gravity-driven mass flow contributed to the horizontal 
transport of the inclusions into the embayment when the impact melt contained inclusions <45%, 
but became less significant as the impact melt assimilated more inclusions and became more 
viscous.  
5.2 Future Work 
The work presented in this thesis mainly focused on olivine-bearing mafic-ultramafic inclusions 
in available locations mainly on the North Range, because many embayments on the South 
Range have been mined out and because much of the historical core was lost in a fire in the late 
1970s. The greater-than-expected diversity in geochemical composition of the mafic-ultramafic 
inclusions resulted some challenges in systematically analyzing the trends that might be better 
defined if more samples had been available. Future work, including more South Range samples 
from new drilling (e.g., Cryderman area, underground drilling at Creighton and/or Carson), 
should include more samples to better define the trends. 
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This study did not include any new isotopic work. Only the Whistle melanorite inclusions have 
been analyzed for Re-Os and Sm-Nd isotopes, but not on the same samples, and none appear to 
have been analyzed for S or Pb-Pb isotopes. The target rocks in the Sudbury area had a complex 
geological history, so future work should include integrated geochemical, S, Pb-Pb, Sm-Nd, and 
Lu-Hf isotope analyzes on the same inclusions from each group to better constrain their sources.  
Although there appears to be no direct genetic association between the mafic-ultramafic 
inclusions and the Ni-Cu-PGE sulfide mineralization, further work is needed to determine if 
there are any linkages between inclusion petrology, mineralogy, or geochemistry and the mineral 
potential of different embayments. This should include documentation on the size and mineral 
potential of the embayment; the proportions, sizes, lithologies, and geochemistry of inclusion 
types in Sublayer; and the proportion, texture, mineralogy, and tenor of sulfide to get a better 
understanding the significance of the inclusions on exploration models. 
Although outside the scope of this study, it will be beneficial to quantitatively model 
thermomechanical erosion, convective transport, and gravity flow to better constrain their 
relative importance in localizing Sublayer, IQD, FWBX, and mineralization.  
 
